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Earthquake Retrofit Guidelines
for Bridges

Abstract

Memo 20-4 outlines the bridge retrofit procedure used by Caltrans as part of the
Seismic Retrofit Program of California. This procedure contains four distinct phases:
structural diagnostics, retrofit strategy development, elastic analysis bounding non-
linear behavior, and retrofit design. Following Memo 20-4 are:

Attachment A: STRUDL Modelling Guidelines
Attachment B: Design/Detail Guidelines

Attachment C:  Special Considerations (seismic isolation;
curvature analysis)

Attachment D:  Background and Ongoing Research Projects
in Caltrans Retrofit Program

The primary philosophy for Caltrans retrofit program is to prevent collapse. The
primary strategy to do this is to fully retrofit one bent (column/footing unit) per frame
or bridge. However, the designer may demonstrate by analysis that collapse can be
avoided without doing any retrofit. This type of “donothing” strategy is an acceptable
assessment. However, the designer must be cautioned to follow all load path demands
and assure that no portion of the resisting structural frame is deficient. Seismic
evaluation must not be limited to column or pier ductility capacities. It should be
noted that serious localized damage could result from the philosophy to retrofit only
to a capacity to prevent collapse. Closure and eventual replacement of many bridges
following a serious earthquake should be expected as a result of the “prevent
collapse” philosophy. Where structure serviceability is defined as a design require-
ment, a more conservative design approach than that outlined in this Memo 20-4 must
be followed.

Richard D. Lan on H. Post

RIZ:jh/rs
Supersedes Interim Memo to Designers 20-4 dated April 1992

Formerly titled, Earthquake Retrofit Analysis for Single Column Bridges, updated March 1995
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Analysis and Design Overview

Structural evaluation at ultimate conditions (i.e., failure analysis) is an extreme
challenge to an engineer. Cookbook or prefabricated processes do not lend them-
selves well to such a situation. Yielding of a single element in a particular mode may
not cause collapse. A potential failure mechanism must be achieved before collapse
can take place. The distribution, or redistribution, of additional load in a structural
system after incremental yielding will be different for each structure. Therefore, each
structure must be thoroughly evaluated. A flowchart is presented in Figure 1 which
illustrates the bridge retrofit procedure recommended by Caltrans. The procedure
includes four major tasks: structural diagnostics (steps #1-4), retrofit strategy
development (step 5), elastic analysis bounding non-linear behavior (steps 6-11), and
retrofit design (steps 12-16). This flowchart is meant to be an aid to the designer but
in no way can it anticipate all possible variations. The basic task of the designer is to
evaluate and retrofit the structure against all potential collapse modes.

Review as-builts, site conditions (traffic, utilities), and obtain site seismicity data
from Engineering Geology. Plan a site visit to verify as-built conditions.

Initial As-Built or Diagnostic Analysis

Designers first analyze retrofit candidate structures as if integrity is maintained and
the structures respond linearly (i.e., all structural elements’ strain levels remain in the
linear-elastic range). This step should be performed even if there are apparent
deficiencies so that a benchmark of member demands can be established. A conven-
tional dynamic modal response spectrum analysis is performed and is indicated as
step #2 in the flowchart (Figure 1). The purpose of this analysis is to evaluate the state
of the structure under maximum credible earthquake loading. This analysis should be
performed for both the tension and compression states. A proper analysis considers
abutment springs and truss-like restrainer elements. Foundation springs are optional
depending on subsurface condition. Caltrans Bridge Design Aids Chapter 14 (1)
addresses abutment springs’ evaluation with suggested procedures.

Uncracked column section properties shall be used when flexural moment ductilities
are compared to tabulated allowable values shown in Figure 1. By modelling
uncracked section properties, shorter periods are obtained. This results in higher force
levels for typical bridge periods of magnitudes higher than the period corresponding
to the peak response spectrum. If curvature analysis is considered in the bridge
analysis, columns effective EI values as defined in Attachment A should be used to
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get a better estimate of displacement demands. These displacement demands are then
compared to displacement capacities obtained using the curvature analysis approach.

Step #3 represents a check of the assumptions made in setting up the diagnostics
analyses of step #2. Demand is compared to capacity. For example, if an abutment is
assumed to possess a stiffness of 5000 kips/ft based on its initial stiffness, the backfill
has a 500 kips ultimate capacity, and a dynamic analysis reports an abutment force
of 1000 kips, then the analysis results are wrong due to the inappropriate stiffness of
5000 kips/ft assumed throughout the analysis. In reality, the columns will be forced
to carry the load beyond the 500 kips load level at the abutments. Therefore, the
abutment stiffness should be reduced iteratively.

Also, the existing hinge seats and restrainers must be analyzed. The six-inch hinge
seats, common in box girder bridges in the ‘50’s and ‘60’s, have performed
unsatisfactorily in past earthquakes. These hinge seats usually require seat extenders
(2) in addition to cable restrainers. This restrainer and hinge seat assessment should
be made prior to producing a dynamic analysis. Restrainer elongation must be small
enough to prevent seat drop-off and restrainer forces must be small enough to prevent
restrainer yielding or diaphragm failure. Diaphragms can fail if the restrainer tensile
forces are greater than the superstructure’s capacity to hold restrainers. Tests
performed at the University of California at Los Angeles (3) on type C-1 hinge
restrainers with seven cables failed in the diaphragm. The type C-1 standard was
changed to a 5-cable unit based on the UCLA tests (Figure 2b). If the 7-cable
restrainer system is present on a structure, modifications may be necessary to correct
force levels or hinge seat travel using a pipe seat extender (Figure 2a). In addition, the
designer must conduct a strength analysis of the existing diaphragm and connections
to the superstructure. Older restraint systems cannot be assumed to be adequate and
should be checked.

Results obtained from STRUDL analyses for design of restrainer units have proven
to be inappropriate because of the demand to resist extremely large elastic column
forces which are not actually attained. The equivalent static method (Chapter 14 in
Bridge Design Aids) has been used successfully to design restrainer units across
superstructure hinges and simple supports. This method is recommended in the
design of the restrainer units. It assumes column pinning and hinging as determined
based on conditions of the retrofitted structure. Column pinning occurs when plastic
moment capacity is not sustained over the whole range of displacement ductility
demands (strength loss may be initiated at ductility levels lower than the demand
ductilities), or where an existing pin condition is present. Column plastic hinging
occurs when plastic moment is sustained over the whole range of displacement
ductility demands. In this latter case, fixity is maintained even though plastic rotations
are present.
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If the assumption checks of step #3 are not satisfied, the structure and/or diagnostics
model must be modified in such a way that assumptions made in the STRUDL model,
and/or equivalent static model for the restrainer analysis, are consistent with the
analysis results. This modification is represented by step #3a in the flowchart. It is
important to keep in perspective the expected, reasonable accuracies associated with
this type of dynamic analysis. Generally, results within 20% after one iteration are
satisfactory. Additional refinement of computer models is wasted effort considering
that final elastic forces are modified by ductility ratios for design purposes. The above
steps also represent a typical earthquake analysis performed in the design process of
new construction at Caltrans. The following steps #4 through #15 represent addi-
tional investigative effort required for retrofit work.

Column Ductility

Past design practice and detailing has proven to be inadequate in regards to the
amount of transverse reinforcement and the development length or lap splice of
longitudinal bars. Therefore, allowable ductility demand ratios lower than current
“Z” values are imposed on poorly confined compression members. These values are
tabulated and shown in the box on Figure 1. Better detailed sections may be permitted
larger values. The flexural moment demand ratio, yr, is defined for retrofit projects
as the ratio of the sum of the earthquake moment reported by the response spectrum
analysis plus dead load moment divided by the nominal moment determined by
column section analysis.

M.ﬂ
where:
pr : Flexural moment ductility ratio

Mg Unreduced seismic moment demand based on response spectrum
analysis.

Mp : Dead Load moment.
For single-column bents where transverse loading direction governs

the ductility demand, dead load moments can be considered equal to
zero.
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M, : Nominal moment computed based on concrete compressive fiber
strain equal to 0.003, and probable material strengths. Typically,
aged concrete specified @ 3250 psi is considered to have acompres-
sive strength of 5000 psi. Yield reinforcement should be based on
mill certificate or tensile test results if those are available in the
bridge archives. If not, a nominal strength of 1.1 times specified
minimum yield strength should be assumed, resulting in 44 Ksi and
66 Ksi for grade 40 and grade 60 reinforcement respectively.

A plastic hinge should be assumed to form in any region where the ductility demand
Uris 1.5 or greater. Any location where a plastic hinge is assumed to form should have
continuous longitudinal reinforcement or have a shell enclosing lap splices of
sufficient length (see Attachment B).

A plastic hinge will not occur at compression member ends unless proper bar
development is available. If the column reinforcement development length or lap
splice is not “reasonably” close to the required length, following guidelines stated in
Attachment B, then the column connection should not be considered fixed in the
model. Although a plastic hinge is expected to form where (> 1.5, higher values can
be allowed without retrofitting as shown in box on Figure 1 when redundancy and
ability to absorb energy in certain details are considered.

On multi-column bent bridges with larger amounts of redundancy such as several sets
of three (or more) column bents, the larger number of maximum allowable ductility
range (see Figure 1) may be used on columns.

On single-column bent bridges, the larger number should not predominate (more than
33% of the fixed column ends) the range of ductility demands for the total bridge.

Encasing columns in steel jackets, as shown in Figure 5, is the standard approach
adopted by Caltrans to enhance column ductility. Meanwhile, high strength fiber
composite wrap and vinyl-coated wire wrap have been successfully tested at UCSD.

The Caltrans current approach using modal analysis utilizes a comparison between
demand forces and strength capacities of ductile members. However, a displacement
checkis needed when STRUDL CQC displacements exceed Y% of the diameter (round
columns) or V6 the dimension (rectangular columns) in the direction of displacement
(4). Under these conditions, computation of ultimate displacement of columns using
curvature ductility analysis is recommended. This approach should be applied with
a margin of safety that only the designer can prescribe since values of curvature at
ultimate (®u) are established based on an expected concrete strain failure or
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longitudinal steel strain beyond which slippage is initiated. A thorough description
of this computational procedure can be found in references {5-12}.

Throughout the discussion for single- and multiple-column bent structures it is
understood that many iterations might be needed to refine the STRUDL model and
establish a retrofit solution prior to scheduling a strategy meeting.

Pier Walls Allowable Ductility

Based on recent U.C. Irvine tests, an allowable ductility, jir, equal to 4 is permitted
for weak axis flexural ductility of pier walls without any required retrofit. Approval
to apply this criteria depends on overall structural stability and must be granted in a
strategy meeting.

The weak axis specimens tested in U.C. Irvine were 1:2 scale models 127-inches tall,
10-inches thick and 36-inches wide. Vertical reinforcement was No. 4 bars at 8.5-inch
spacing or 0.56%. D7 wire was used for horizontal reinforcement at 7-inch spacing
or 0.15% (13).

Column and Column/Footing Retrofits

A. Multi-Columns Bents

The general strategy is to retrofit one bent per frame. However, retrofit in multi-
column bridges can often be limited to columns because of common pin connection
to footings. Also, if the bent contains more than two columns, it may not always be
necessary to retrofit all of the columns.

Footing retrofits shall be avoided on multi-column bridges by allowing pins at
column bases as often as possible. Pins can be induced by allowing lap splices in main
column bars to slip, or by allowing continuous main column bars to cause shear
cracking in the footing.

If a pin is allowed to form at the bottom of a column, no column casing is required
at the bottom of the column regardless of whether column reinforcement is continu-
ous or lap-spliced at the column/ footing interface. However, this assumes that
column shear demands are below allowable values. In addition, sufficient shear
capacity across the footing interface must be provided to resist seismic shear forces.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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In the case where column longitudinal reinforcement is continuous in the footing, the
pin may form in the footing and axial load capacity must be maintained as described
in the following paragraph.

The footing and piles within 0.5d; (d; = footing depth) of the column face should be
able to support the vertical D.L., including seismic overturning axial load, in the event
of footing bk Ultimate seismic pile capacity as specified by the Engineering
Geology Section or Geotechnical Engineers should be used for this evaluation.

For evaluation of moment and shear ductility ratios in a multi-column bent, the
following steps are recommended:

1. Determine Nominal and Plastic Moment Capacities M, and M, of columns
(M, =1.3 M,). This can be done with “Yield” Program. Where flared columns
exist, an evaluation of the flared-section capacity and ductility must be made.

2. Calculate Column shear force, V,, by applying plastic moment values for each
column at expected plastic hinge locations (see Figure 3). It is important to note
that in some cases elastic column shear forces govern the analysis if column
plastic shear forces are of larger magnitude.

3. Determine axial forces due to overturning based on axial stiffness of columns
in each bent.

4. Recalculate nominal and plastic moments, M, and M), based on axial dead load
plus or minus axial forces due to overturning (shear forces being applied at the
center of mass of superstructure, see Figure 4).

5. Recalculate Column shear V, based on revised M,

6. Reiterate until you have reasonable convergence between applied shearat center
of mass of superstructure and revised column shear forces.

7. Evaluate ductility demands based on revised M,.

8. Comparerevised column shear forces to allowable values. See Attachment B for
more detailed discussion on allowable shear stress inside and outside plastic
hinge region.

9. If column shear stress exceeds allowable shear stress outside plastic hinge
region, full height grouted shell is used.
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It is important to mention that multi-column retrofits will be allowed a preferred
maximum ductility of 6.0 with isolated locations up to 8, subject to strategy panel
approval.

In some cases, superstructure and/or bent cap retrofits may be required to assure fixity
at the retrofit column end whose ductility demand exceeds 1.5. In order to assure
column plastic hinging and avoid a collapse mechanism in the superstructure, the
designer should ensure that 1.2 times the nominal moment strength of an effective
‘width oi’supemtrucmrexs greazertlwz thealvebmc sum of all demands Thedemands
, supczstmcuxre
-gravxty ioads preszress seconda:y moments honzonta} sclsrmc- oads, etc. This
fevaluatmn must be made in both the }ongltudmal and transverse irections. ‘This
requirement may be relaxed if a collapse ‘condition is not present “and approval
obtained at a strategy meeting. Prestressing is an efficient option in enhancing cap
beam moment capacity and improving beam/column shear transfer to help resist
transverse seismic forces. With a post-tensioned cap beam, it might be only necessary
to replace or widen the end regions of the cap beam. In these regions additional mild
steel may be added, particularly to the positive moment steel. With all mild-steel
design for cap beam retrofit, the cap beam probably needs to be widened, or replaced,
over the full length. This is difficult because of the need to break through box girder
webs, requiring superstructure support separate from cap beam support.

SR ko

Pinning the top of the column using an extra strong steel pipe drilled down the center
of the column is an option that can be considered to reduce flexural and shear demand
on the bent cap. However, in this latter case, column footing retrofit might be needed
to ensure column stability. Alternate solutions allowing flexural hinging to occur in
the bent cap should be the designer’s last recourse provided sufficient rotational
capacity exists. Consulting SASA/SEITECH or requesting direction from the strat-
egy meeting panel on that issue is deemed to be quite important.

When checking superstructure plastic hinging in the longitudinal direction, use an
effective width of superstructure to calculate the moment capacity (see Memo 20-6).
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Generally, the total superstructure width would not be expected to contribute to the
resisting strength because strains in the vicinity of the column would tend to be
relatively large as compared to adjacent sections of superstructure.

When evaluating footing modifications, Engineering Geology or Geotechnical
Engineers should be contacted for approximate ultimate pile and/or soil capacities.
It is believed that, in some cases, piles under dynamic load possess ultimate
compressive capacities at least four times their service load. The designer should take
advantage of ultimate dynamic capacities, but must also realize that capacities may
be greatly reduced by physical pile properties, reinforcement details, and connec-
tions. Diminished pile/soil friction, especially for end bearing piles, can greatly
reduce or eliminate tensile capacity. End bearing piles in soft or saturated soils may
have greatly reduced compressive capacity due to slenderness (I/r ratio) limitations.
It should be noted that these ultimate capacities for retrofit designs are not to be used
for new designs.

When tension capacity is needed, the use of standard tensile/compression piles are
preferred to the use of tie-downs. In strong seismic events, large strain movements in
footings are associated with tie-downs. Generally tie-downs cannot be prestressed to
reduce strain movements without overloading existing piles in compression. The tie-
down strains are probably not a serious problem with short columns where P-A effects
are minimal. Also, tie-downs should be avoided where ground water could affect the
quality of the installation. Soft cohesive soils (i.e., bay mud) pose an engineering
problem for tie-downs or tensile piles. Several tensile pile type installations, includ-
ing pre-loaded steel pipe pile/tie-down systems, are being tested on the Southern
Freeway Viaduct as part of Caltrans’ sponsored research on tension pile capacities.
This pile/tie-down system would have the advantage of providing tension capacity
without overloading existing piles in compression in addition to limiting footing
rotational movement. Results will be available in late 1992. When a specific uplift
resistance is required, tension piles should be identified on plans with a specified tip
deeper than for compression piles. This issue has previously caused confusion to the
contractor since desired tension values (ex., 50-ton piles) were designated as if they
were compression piles. It is important for the designer to coordinate with specifica-
tions writers on this issue in order to convey that information to the contractor who
is responsible for the driving operation.

B. Single Column Bent

A general rule of thumb is to fully retrofit one column (Class F Retrofit) per frame
containing single column bents. If a column has been identified as one which is
yielding, one of two options is available:
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1. The column may be modified with a Class P retrofit (see Figure 5). These
columns should be assumed to be pinned at their yield location in successive
analyses. Keep in mind that the joint has some unaccounted reserve because the
rubble will not be a frictionless pin. Note that the footing is not modified when
a Class P retrofit is selected. Regardless of whether column reinforcement is
continuous or lap-spliced at the column/footing interface a Class P retrofit is
used where column is assumed to pin during the earthquake. If the column is
identified as one which could fail in shear, a grouted full-height shell should be
used. If a pin forms where column longitudinal reinforcement is continuous into
the footing or at the bottom of a column that has a full-height shell, footing axial
load capacity must be maintained as described in Section A.

2. The column may be modified with a Class F retrofit (see Figure 5). These
columns should be assumed to remain fixed in successive analyses, keeping in
mind that the column can hold at most its plastic moment and still possess a
ductility capacity of about 4 to 6. Note that the footing usually requires
modification when a Class F retrofit is selected. Figures 6 and 7 illustrate typical
footing modifications designed to increase the footing and column/footing
connections’ moment holding capacity. The use of tie-downs to develop tension
capacity in the footing should be avoided for tall single column bents. If a
column is identified as one which could fail in shear, a grouted full-height shell
should be used.

Option (1) is a relatively inexpensive alternative (costing a few thousand dollars per
column) and should be the most frequently used option. It offers protection against
total axial failure while allowing controlled flexural joint failure. Option (2) is a more
expensive alternative (costing $50,000 to $100,000 per column) and should be
selected prudently.

Single-column retrofits are permitted a preferred maximum ductility demand of 4.0,
with increases up to 6.0 at isolated locations, subject to strategy panel approval.

When checking superstructure nominal moment capacity for single column bents
against column plastic moment, only the longitudinal direction should be evaluated
(see Memo 20-6).

In addition, it is important to note that the flexural ductility factor yr for single-
column C-bents, whether retrofit or new, shall not exceed 2 in both orthogonal
directions. A C-bent shall be defined as a single-column bent with the column located
entirely outside the middle 4 width of the bent cap.
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Retrofit Strategy

Steps #5 and #5a illustrate the selection process of the column retrofit strategy. It
should be kept in mind that there are many satisfactory solution strategies and related
assumptions. Therefore, to avoid confusion, both the designer and checker should be
involved in retrofit strategy development. Experience in bridge response and nonlin-
ear behavior is important at this step. Therefore, the designer, checker, and design
senior should arrange strategy meetings with supervisory and specialty personnel to
assist them in strategy development. The objectives of the strategy meetings are:

« offer seismic retrofit project engineers strategy support or alternative approaches

e determine that standard seismic retrofit details are being fully utilized and that
aesthetics issues have been addressed

» alert specialty personnel of seismic retrofit problem areas where standards don’t
apply
» establish alternative acceptable procedures to satisfy retrofits when unusual

problems are encountered (i.e., curvature ductility, outrigger strength, seismic
isolation, soft foundation soils, etc.)

« recommend alternative analyses when low level ductility demands exist, dis-
placements are physically limited, bridge site is in a low-risk seismic area, etc.

» inform project engineer of solutions to similar problems by other design sections
» keep supervisory personnel briefed on seismic retrofit details development
» achieve consensus agreement economical and practical retrofit strategies

 provide district personnel information for potential traffic control, right of way,
utility, and environmental problems.

The designer and project engineer should be expected to have completed the
diagnostics analysis, summarized the state of columns, restrainers/hinges and abut-
ments, and have a proposed solution prior to scheduling a strategy meeting. The
designer should be prepared to discuss solutions considered, and reasons for rejec-
tions and selections. Tables similar to the one shown in Figure 8 are recommended
for strategy meetings. Seismic Retrofit General Plans employing an indexing system
to identify location and type of retrofit work along a structure should be presented.
For the strategy meeting, an existing as-built General Plan can be used to describe
proposed retrofit measures. When reasonable, any foundation and column modifica-
tions should be indicated on the elevation view of the General Plan. Figure 9
illustrates these recommendations. General Plans of this type have proven extremely
useful in strategy meetings. The benefit of having a retrofit legend on the G.P. is that
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future reviewers will be able to scan a seismic retrofit G.P. and know where retrofit
modifications were made. Seismic retrofit General Plans are kept in the SEITECH
Section and are available for reference.

It is no longer necessary to present all bridge retrofit strategies at a formal strategy
meeting. If the designer and section leader are comfortable with the retrofit solution,
the meeting may be omitted. However, the designer is responsible for interacting with
District or Sacramento Design personnel to resolve roadway issues, and submitting
a memo documenting pertinent strategy information. The retrofit strategy memo
should include, as a minimum, the following items:

1. the strategy selected and supporting reasons,
2. the alternative schemes considered and reasons for rejection,
3. direction received from SASA, SEITECH or the Strategy Meeting participants,

4. roadway issues, (i.e., traffic, right-of-way, utilities, environmental, leased
space, etc.) which contributed to retrofit decisions,

5. geotechnical and foundation allowables and restrictions,
6. any other data which supports the reasons for selecting or rejecting schemes,

7. atabularsummary of engineering data (i.e., tension/ compression model column
moment ductility demands for the as-built and retrofit conditions, shear capac-
ity/demand comparisons, assumed concrete strength(s), rebar grade(s), pile/soil
support allowables, ARS curve and depth of alluvium used, assessment of
superstructure capacity/ demand both transversely and longitudinally, risk
rating on the bridge retrofit list, etc.), and

8. appropriate cost data if relative to strategy decisions.
Each bridge in a project should be summarized separately.

The project designer and section leader must concur on the content of this memo. The
memo should give a complete summary of the strategy decision process to someone
unfamiliar with the seismic vulnerability of the structure. A copy of the G. P., showing
intended retrofit work descriptions (legends) and locations should be attached to the
memo. The memo should be addressed to the Design A or B supervisor with copies
to SASA and SEITECH, and signed by the section leader.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES




MeEMO TO DESIGNERS 20-4 « MARCH 1995

The section leader must be advised of and approve selected strategies, whether a
meeting will be requested or omitted. For difficult situations, the designer is
encouraged to seek comments/assistance from SASA/SEITECH before settling on a
strategy. Specific SEITECH personnel have been assigned to Design Sections and
External Finance seismic reviewers. Traffic and environmental concerns may require
modification of strategies. It is important to interact with District/Sacramento Design
personnel to arrive at mutually satisfactory details. Those factors may be cause to
delay projects, but should not be cause for compromising the effectiveness of the
retrofit. The OSD project engineer is required to keep District/Sacramento Design
personnel fully informed of project progress and details. In addition, the project
engineer needs to determine whether additional work is scheduled for the subject
bridge or whether it is scheduled for replacement by Structures Maintenance
(deficient) or District (new alignment or widening). The decision of whether to
retrofit or wait for replacement rests with the District. However, a recommendation
may be made at the strategy meeting and elevated to the Office Chief if necessary.

A type selection meeting may be scheduled regarding the subject bridge in case of
widening or rehabilitation if requested by one of the design supervisors. Regardless
of whether a type selection meeting is held, atype selection memo should be produced
and distributed. If the meeting is not held, a copy of the memo and a G.P. should be
distributed to those who would normally attend the type selection meeting, i.e.,
Construction, Maintenance, Aesthetics, Specifications, District, and Geology.

In summary, the designer’s goal is to determine an economical retrofit strategy in
which load paths are traced and capacities are found to be sufficient to maintain the
“ integrity of the structure. The selected strategy will determine the fixity conditions
used in supplemental analyses. The typical box girder bridge can be considered
relatively forgiving. If a reasonable load pathis provided to transmit the seismic loads
to the ground, the load carrying system within the structure will find it and make use
of it. A typical first strategy might be to identify column retrofits (Class P or Class F
casings, full or partial length steel shell, fiber epoxy shell). It is also important to
provide adequate restrainers at all hinges to provide a path through the superstructure
to allow redistribution to adjacent frames, columns and abutments. To accomplish
this goal, additional restrainers may be required even if the subject bridge had been
retrofitted in the Phase I Retrofit Program. Possible restrainer work might include
adding restrainers to increase strength, adding abutment tie-backs (see Figure 10),
lengthening restrainers to reduce stiffness, and/or increasing effective seat width with
pipe seat extenders (see Figure 2a). Possible footing modifications might include
adding piles and/or increasing the size of the footing, adding tension tie-downs, or
adding a top mat of steel with concrete cover (see Figures 6 and 7). Superstructures
may need strengthening, column fixed connections at ends may need improvement,
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outriggers may need replacement, restrainer anchorages may need reinforcing, and
other unusual details may be required in extreme cases.

Retrofit Model Analysis

Tension and Compression Models

After the retrofit strategy has been determined, an elastic analysis of a more refined
model of the subject bridge is performed. This analysis is run iteratively in an attempt
to bound strength and displacement demands on the structure due to earthquake
loadings. Steps #5 through #11 illustrate the recommended procedure for seismic
retrofit projects.

In Step #6 two dynamic models are used to bound the assumed nonlinear response of
the bridge; a “tension model” and a “compression model”. Two models are used
because the bridge possesses different characteristics in tension versus compression.
As the bridge opens up at it joints, it pulls on the restrainers. In contrast, as the bridge
closes up at its joints, its superstructure elements go into compression.

In the tension model, the superstructure joint elements, including the abutment, are
released longitudinally with the truss restrainer elements connecting them at the
joints (see Figure A4, Attachment A). In the compression model, all of the restrainer
elements are inactivated and the superstructure elements are locked longitudinally to
capture the structural response in modes in which the superstructure tends to close up
and go into compression, mobilizing the abutments when applicable.

Using the peak abutment force and the effective area of the mobilized soil wedge, the
peak soil pressure is compared to amaximum abutment capacity of 7.7 Ksfand lateral
pile capacity of 40 Kips per pile. If the peak soil pressure exceeds the soil capacity,
the analysis should be repeated with a reduced abutment suffness Itis 1mponam to

o e o o

8 feet. Ifth wallhe:g’iu”z's

lying 7.7 Ksf
Ret / _ ; urthermore. the
abutment twall d dlaphragm (structural ‘member moblhzmg soil wedgc) shear capacity
should be compared to the demand force. Abutment spring displacement is then
evaluated against the acceptable level of displacement. This deflection will vary
depending on the gap between the superstructure and backwall for seat abutment, or
whether a diaphragm abutment exists. However, a net displacement of about 0.2 ft.
at abutments should notbe exceeded (net displacement 0.2 ft. does not include the gap

PAGE 14 EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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/trans

displacement or soil mobilization displacement). Field inspections after the 1971 San
Fernando Earthquake suggest that abutments which moved up to 0.2 ft. in the
longitudinal direction into the backfill soil appeared to survive with little need for
repair. Abutments in which the backwall breaks off before other abutment damage
occurs can be permitted to undergo much larger displacements. Larger displacements
may also be satisfactory if a reasonable load path can be provided to adjacent bents
and no collapse potential is indicated.

The seismic anchor slab or “waffle slab” could be used in a bridge retrofit strategy
where the designer wishes to substantially stiffen the abutments (see Figure 11 and
12). This detail would attract larger seismic forces to the abutments and could reduce
the amount of column, footing, or other retrofit which may be required in adjacent
bents. The seismic anchor slab is more effective on shorter bridges withno hinges (see
Sullivan Ave. OC, Bridge #35-186K and other structures in Earthquake Retrofit
Project No. 40 on Route 280 in San Mateo), however, it has been proposed for use on
larger structures with expansion hinges (by Imbsen and Associates forL.A. County).
Several designissues regarding the seismic anchor slab are included in Attachment B.

In cases where it is not practical to restrain the superstructure longitudinally at an
abutment, supplemental seat supports can be provided to prevent the superstructure
from dropping.

For seismic loads in the transverse direction, the same general principles discussed
above still apply. Wingwalls are tied to the abutment to stiffen the bridge transversely
(see Figure 10). Spring stiffness calculations are shown in Bridge Design Aids 14-3.
Other methods of stiffening abutments include the addition of large diameter cast-in-
drilled hole piles on both sides of the abutment (see Figure 13). A good example of
the latter approach is Burnt Mill Canyon Bridge (#54-859) on Route 138 in San
Bermnardino County. Most existing wingwalls provide little lateral support on the
outside because the soil impact is small and the soil usually slopes away from the wall
resulting in slight soil resistance. The 0.2 ft. displacement limit also applies in the
transverse direction if the abutment stiffness is expected to be maintained. Larger
deflections may be satisfactory if a reasonable load path can be provided to adjacent
bents and no collapse potential is indicated.

Typically 4-foot diameter pile shafts can be added to abutments to resist large
earthquake loads. For these shafts to be effective, abutments displacements should
match pile shaft displacement capacity needed to mobilize the soil lateral capacity.
Transverse resistance is offered through monolithically connected shafts on either
side of the original abutment. Longitudinal tensile resistance is typically offered
through shafts placed behind the backwall and then connected to the bridge super-
structure with high strength rods through the backwall.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES PAGE 15
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It should be remembered that in some cases, such as in highly curved bridges,
abutments offer little help in reducing demands in a compression model or for
transverse direction movement across the embankments (see Attachment A).

The designer should iterate through steps #7-11 until the dynamic analysis is
producing results that are consistent with the retrofit strategy. It is not necessary to
over-refine the analysis; 20% accuracy is sufficient considering that the design is
performed based on ductility factors and not on elastic forces.

Estimate and Complete P. S. & E.

PAGE 16

Structural plans and details must provide enough information that would enable the
contractor to have a good estimate of quantities and construction procedures involved
atthe bidding stage. Dimensions should be clearly identified in order to show amount
of concrete removal, available headroom and anticipated excavation [check with
SEITECH (Ralph) for typical sheets on excavation and backfill limits, no standard
sheet number available yet, see Figure 14].

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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] AEVIEW AS-BUILT PLANS & OBTAIN SITE SEISMICITY |

@===—=

EXEC CONVENTIONAL STRUDL ANALYSIS
(Truss Elemente — Restramer)

ALLOWABLE MAXIMUM DUCTILITY DEMANDS B Max
ON POORLY CONFINED COMPRESSION MEMBERS

COMPRESSION | SINGLE-COLUMN | MULTIPLE-COLUMN
MEMBER TYPE BENTS BENTS
Rouna Columns 1.5-20 20-3.0
Rectangulsr Coturms. 1.0 1.5-20
Round Prie
Extensions or . -4
Found Shatt 20-30 30-40
(@ Botiom m sod ony)

MODIFY RESTRAINERS
ANDV/OR ABUTMENTS

CHECK Rl INERS USING EQUIVALENT STATI
CHECK ABUTMENT FORCES
3 =

AESTRAINERS AND/OR ABUTMENTS OK

(a}
By ZH MAX (20%)

(o}
SHEAR DEMANDS > ALLOWABLE SHEAR

Nota: . .
Allowable demands for pier walls should be assessed in Strategy 4a of 40
meatngs. Generally, per wall weak axis demands may approach 4.0. 5 YES
| oesion ReTROFIT STRATEGY |
-]
(Tension & Compression)
INCORPORATE RETROFIT STRATEGY
ril TC
EXEC STRUDL (T) EXEC STRUDL (C)
£Q HINGES TEND TO OPEN £Q HINGES TEND TO CLOSE
Ll 8c
GHECK RESTRAINERS FOR RETROFIT COC COMPRESSIVE
MODEL USING EQUIVALENT STATIC METHOD ABUTMENT FORCES
9Ta 9Ca
MODIFY ABUTS AND/OR MODIFY ABUTS AND/OA
STRUCTURE STIFFNESSES STRUCTURE STIFFNESSES
10Ta 10Ca
[ Mooy ReTROFIT STRATEGY MODIFY RETROFIT STRATEGY |
MODIFY STRUDL MODIFY STRUDL
APPROPRIATELY APPROPRIATELY
| coupression mooEL FinisH|
® J
12
[ mermoFT FooTINGS IF NeCESSARY | ; =
.—— [cenerate G.p.aND 6. EsTIVATE]
\ ; 15
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IS STRATEGY OK?
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EQ Load | Max. Flexural | Max. Flexural || Shear* Demand
Bent # Case Ductility Ratio | Ductility Ratio | = to Capacity
Top Bottom Ratio
1
2
2
1
3
2

Summary of Flexural and Shear Demand to Capacity Ratios

Figure 8

*a Shear demands are computed based on the lesser of elastic ARS shear and

plastic shear values.

b Shear capacity is based on allowable values outside plastic hinge region

(see Attachment B).

Note: The table above shows the minimum amount of information to be presented
at a strategy meeting. Additional results may be provided if deemed necessary

by the project engineer.
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STRUDL Modelling Guidelines

Abstract

Attachment A discusses Caltrans STRUDL analysis based on Equal Displacement
Principle. Following this background on the correlation between strength reduction
factors and displacement ductilities, specific issues related to STRUDL Modelling
are discussed, these subjects include:

1. Curved bridges

&)

Modelling of superstructure boundaries in long bridges

Mode combination

Ll

Earthquake directions combination
Finite size joints

Earthquake and live loads combination
Soft soil ARS curves

Short bridges

© 0 N W

Torsion/Outriggers
10. New as-built analysis
11. Multi simple-spans bridge modelling

It is important to note that the above subjects can be read separately from each other
or from the background discussion on Equal Displacement Principle. Seismic
Isolation is being treated separately in Attachment C.

i 7 -
:.Appendxx C to establish column dependabﬂlty STRUDL connnues to be arcilable
‘method to predlct maximum displacements. The foliowmg guidelines should be
carefully f followed when building the anaiyticmi bridge modcl
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STRUDL Modelling

Itis generally uneconomical to design bridges to withstand lateral forces correspond-
ing to full elastic response resulting from design-level earthquakes. Caltrans design
approach is to accept some seismic damage in a bridge provided it does not lead to
the collapse of the structure.

Design requirements will normally dictate that inelastic action occurs in the bridge
columns. The reason for this policy is that it is both impractical and undesirable to
design for plastic hinges in bridge superstructures, and plastic hinges in piles should
be avoided because of difficulties in assessing and repairing damage after an
earthquake.

The effect of non-linear behavior on the response of a bridge may be seen with
reference to a single degree-of-freedom system. Such a system, responding elasti-
cally, will have a load path along O-B (see Figure Al). However, provided sufficient
ductility is available and not enough strength to respond elastically, the load path will
be along O-A-C (see Figure Al). In fact, a number of comparative linear and
nonlinear dynamic analyses have indicated that for long period systems the maximum
deflections reached by the two systems are equal {1, 2}. Displacement ductility is
defined as: _

Au(a)

Hp = Ay (Eq.1)
Since equal displacement principle is considered, the load reduction factor:
1

R= —
Hp (Eq.2)

Based on that assumption, the structure is designed for an elastic force obtained from
STRUDL multiplied by a reduction factor R. (See Figure Ala)

For long period structures, (Eq. 2) is appropriate, implying an ‘equal displacement’
approach. However, when the structure fundamental period T'is less than 0.7 seconds,
or when R < 0.25 (Z > 4), displacements predicted using linear elastic model
(STRUDL) may not be appropriate {3, 4}. The following text provides background
for this conclusion.

STRUDL MODELLING GUIDELINES
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Some nonlinear dynamic analyses indicated that the equal maximum deflection
assumption may be unconservative {5}. In particular, reinforced concrete columns
show some stiffness degradation from cycle to cycle which result into larger
displacement in the nonlinear range. In this latter case, equal energy principle has
been shown to be more appropriate. Displacement ductility based on equal energy
principle (see Figure A1b) is defined as:

Au(b)
Ay

He = (Eq. 3)

The reduction factor R in that latter case gives a probable upper value of:

1

Re i (Eq. 4)

Figure A2 shows that (Eq. 4) is an upper bound while (Eq. 2) is a lower bound of
strength reduction factor R. Part of the problem in equating linear and nonlinear
response is the fact that the degraded structure fundamental period increases with
time. Although the degraded structure will deflect more with an equal force as
compared to the elastic structure, the attracted force becomes less, which would
reduce the deflections.

The designer should be reminded that P-Aeffect can be modelled as a form of stiffness
degradation. In case of an existing bridge, when a column does not have sufficient
strength to resist P-A effect, larger displacements are expected. The designer can
compute the additional P-A displacement by applying to the top of the column an
additional lateral force equal to the axial dead load times the elastic demand
displacement (STRUDL displacement) divided by the column height. Successive
iterations can be performed as described in reference {6} but are not really needed.
The computation of this magnified displacement is important to consider when
comparing displacement demands to allowable deflections calculated using curva-
ture ductility approach.

Table A1 shows a comparison between fpand g values obtained respectively from
Eq. 2 and Eq. 4. It can be seen that for a low strength reduction factor equal to 0.17
(i.e.,Z=6), the actual demand displacement can be as high as three times the demand
displacement calculated by STRUDL. It is important to mention that Eq. 4 gives an
upper bound for displacements predicted for adegraded structure. However, Caltrans
retrofit philosophy is based on limiting displacement demands over a range where
strength loss is not encountered. This is done using maximum allowable flexural
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ductility ratios or maximum displacement capacity using curvature analysis. There-
fore, when eliminating strength loss in the plastic region and maintaining the
column’s plastic moment carrying capacity, displacement ductility demands based
on equal energy principle tend to be overconservative. However, elasto-plastic
displacements that are 1.4 to 1.7 times the linear elastic displacements are still
possible {7}.

In the absence of nonlinear analysis to predict more accurate displacements, the
designer should be reminded that it is possible for the structure to undergo larger
displacements than what a STRUDL run reports. Therefore, when comparing
STRUDL displacements to allowable deflections obtained from a curvature analysis,
a margin of safety should be applied keeping in mind possible displacements
magnification discussed earlier.

Although a complete 3-D nonlinear analysis is seldom used except as a final check
on the adequacy of a completed design, a simplified one degree-of-freedom system
can be used to get insight on the correlation between strength reduction factors and
displacement ductility ratios. This model is originally referred to as O-model {8 } and
is based on two types of simplifications:

1. Reduction of a multi-degree-of-freedom model of a structure to a single-degree-
of-freedom oscillator,

o

Approximation of the incremental stiffness properties of the entire structure by
asingle nonlinear spring. In the case of a bridge structure, this spring represents
the typical hysteretic behavior of a bridge column. Numerous models are
available for that purpose.

The single degree-of-freedom nonlinear analysis is performed from chosen accel-
eration records and correlation between displacement ductilities and reduction
factors is investigated. This type of analysis was completed by CYGNA GROUP/
RICHARD J. STUART, INC. as part of the “Seismic Modelling Parametric Studies”
submitted to Caltrans July 1991 {9}. It was found that good correlation exists
between Caltrans factors computed on the basis of linear analyses, and ductility
demand ratios computed on the basis of nonlinear analyses, for structure periods
greater than 0.5 seconds.

STRUDL MODELLING GUIDELINES
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For structures’ periods less than 0.7 secs, inelastic demand displacements exceed
demand displacements predicted using elastic analysis (STRUDL) { 10}. The follow-
ing expression for strength reduction factor R is recommended:

1 T T
_— = = MR, o ——

where Tisthe elastic fundamental period of vibration, and 7, is the period correspond-
ing to peak spectral response for the site. The values of 7, are approximately equal
to 0.3 sec for Caltrans curves A and B and 0.5 sec for curves C and D. Equation (5)
is not used with soft soil spectrum curves (E). Generally, curves E have an ARS
plateau ranging from 0.5 to 2.0 seconds. Table A2 shows calculated displacement
ductility g vs. Y&. Considering a minimum bridge period of 0.4 sec and the maximum
value of T, equal to 0.5 sec, the minimum ratio of 7/7,1s calculated at 0.8. Maximum
demand ductility displacements u correspond to minimum values of 7/7, given a
strength reduction factor R. Therefore, a maximum demand displacement magnifi-
cation ratio of 1.7 (i.e., 10.3/6) is calculated for 7/7,=0.8 and
V&= 6. Generally, for this type of analysis where effective EI are used, bridge periods
are lengthened resulting in a higher ratio 7/7, and a smaller demand displacement
magnification ratio as shown in Table A2.

In summary, the discussion above illustrates the effects of column stiffness degrada-
tion and shorter structures periods resulting in higher inelastic demand displacements
than demand displacements calculated using an elastic STRUDL type analysis.
Assessment of inelastic displacement demands is essential when comparing these
displacements to allowable displacements calculated using curvature analysis ap-
proach.

When running STRUDL for estimating displacement demands, effective values of E/
for columns should be used. In the absence of a detailed analysis resulting in M- xure
diagram (see Figure A3). Effective EI (E: concrete modulus of elasticity; /: flexural
moment of inertia) can be used as 0.5 EJ gross. Axial stiffness is not usually altered.
Furthermore, effective values of GJ (G: concrete shear modulus of elasticity;
J: torsional moment of inertia) should be computed. Reference 11 can be used for
determining torsional stiffness of diagonally cracked members. In the absence of a
detailed analysis, effective GJ value can be considered equal to 0.2GJ gross.
Departures from standard procedures should be used with consultation from SASA
and presented at strategy meetings.

Following the above description of Caltrans analysis background in using equal
displacements principle to correlate strength reduction factor R to displacement
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ductility demand, some aspects of seismic modelling are discussed to ensure proper
use of STRUDL modelling techniques.

. Curved Bridges

In curved bridges, the longitudinal and transverse modes are strongly coupled (i.e.,
periods of vibration are remarkably close). Curved and Radial Bridges’ abutment
boundary conditions are not the same as those in straight bridges. Several STRUDL
runs are usually performed to bound the bridge complex behavior. As seen in
Example 2 of Figure A4, the bridge is not restrained from movement away from the
abutments. Therefore, subsequent STRUDL runs turning the abutment stiffness on
and off are performed to envelop the structure’s response. In case soil anchors or
restrainers are present, the two subsequent runs are still performed with abutment
tension springs different than abutment compressive springs. It is clear that this latter
case is different than the case of straight bridges, where providing a spring stiffness
equal to half the abutment compressive stiffness at both ends of the bridge is
considered an appropriate approach.

. Modelling of Superstructure Boundaries in Long Bridges

Creating a computer model for the entire length of long bridges is not recommended
and produces questionable results, especially because out-of-phase movement is
expected in long bridges. STRUDL dynamic modal analysis is based on one phase
movement. Additionally, errors may be experienced by not including enough
dynamic modes for large computer models (i.e., larger number of nodes). Therefore,
it is recommended that the bridge model should not exceed five frames in addition to
boundary frames and/or an abutment. Each multi-frame analytical model should be
overlapped by at least one useable frame from each model as shown in example 4 of
Figure A4.

Boundary frames are frames modelled on either side of the bridge section from which
element forces are of interest. They serve as redundant frames in the sense that
analytical results are ignored. The use of at least one boundary frame coupled with
massless springs at the “dead” end of the model is recommended. The use of boundary
frames is an idealization of the structural system. Engineering judgement should be
exerted taking into consideration the deformation continuity of various sets of
frames. Longitudinal displacements predicted from compression models are used to
check the deformation continuity of various sets of frames.

STRUDL MODELLING GUIDELINES
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Mode Combination

The number of modes to be combined in an elastic dynamic analysis is mainly
influenced by the number of nodes used to discretize the structure, the frequency
content of an earthquake loading, and the structure type or geometry. A straight
bridge with single column bents would most probably have a large enough mass
participation in one mode (i.e., transverse direction displacement). In contrast, a
curved bridge has a much larger modes coupling compared to the straight, thus larger
number of modes is necessary to capture more accurate results. In summary, one
should include enough modes to capture 90% of the total system mass plus any other
modes with relatively large corresponding ARS acceleration. Caltrans approach has
been to include a number of modes equal to three times the number of spans.
Following this approach, the designer should back check that all bents are excited in
the transverse direction. This is done by ensuring that CQC combination includes a
minimum number of modes with a maximum transverse normalized displacement of
1 corresponding to each bent. GT STRUDL reports the total mass participation
percentage in each direction. This would considerably ease the designer’s task of
checking the number of modes necessary to be considered in the analysis.

Problems may arise with complex bridges and a more in-depth investigation may be
warranted. SASA should be consulted in such matters.

Earthquake Directions Combination

Analysis and design of bridges should be performed under earthquake loads applied
in the direction that results in the structure’s “most critical” condition. Finding the
most critical direction is an iterative procedure and is time consuming. STRUDL and
STRUBAG have rotation capability options that would help the designer in finding
the earthquake critical direction.

CYGNA'’s recommendation on that issue {9} is to use the square root of the sum of
squares (SRSS) of any two orthogonal horizontal earthquake forces due to its
independence of earthquake orientation. The CYGNA report claims the SRSS
combination will be, at most, 12% more conservative than Caltrans linear combina-
tion. However, Caltrans’ current procedure is still adequate and no final action has
been taken on using SRSS combination on a general basis.

Caltrans linear combination of orthogonal seismic forces considers two cases. Case
1 is the sum of forces due to transverse loading Z; plus 30% of forces due to
longitudinal loading X¢ (Z¢ + 0.3 X;). Case 2 is the sum of forces due to longitudinal
loading X; plus 30% of forces due to transverse loading Z; (X + 0.3 Zg). The
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difference between SRSS and Caltrans linear combination occurs in highly curved
bridges where skew angles are as high as 35°. In these bridges, coupling between
longitudinal and transverse directions is quite large as compared to straight bridges.

In straight and large radius (i.e.: 3000 and greater) bridges with moderate skew,
tension model transverse forces should be combined with compression model
longitudinal forces in the conventional (X¢ + 0.3 Zg, Zg + 0.3 X) method. For these
types of bridges, it is not rational to expect tension type behavior longitudinally nor
for compression type confining effects transversely (see Figure A4).

Vertical earthquake consideration is usually ignored except for outriggers. C-bents,

‘cantilevered sect:ons, ‘and where superstmcturcsan: - allowed to crack to form a top-
."of-columnpm For the San Francisco Double-Deck Viaducts a 0.3g vertical accelera-

tion was considered for seismic analysis. A 1.5 factor was used for dead load reactions
in Group VII to account for a probable 50% live load and 0.3g vertical excitation. As

mcntloned earlier, this factor was gpph_cd only on Outngger and C-t bent cap beams,

5. Finite Size Joints

Finite size joints should be addressed in structural analysis. It is not uncommon for
more than 10% of a bridge column measured from centerlines of joints to be in arigid
zone. If this condition is ignored larger periods may result affecting acceleration
levels applied to the structure. Modelling columns to centerline of the bent cap vs.
the soffits underpredicts base shears by 17% to 26% {9}. Finite size joints are
addressed in STRUBAG by using MEMBER END JOINT SIZE command. How-
ever, in this case, forces are reported at centerline of box girder or superstructure and
interpolation is needed to get forces at the bottom of the soffit. In order to list forces
directly at bottom of soffit, MEMBER ECCENTRICITY command is used.

. Earthquake and Live Loads Combination

The effect of adding live loads to earthquake loads on bridge structures has long since
been suspect. However, little investigation has been undertaken to resolve the issue.
Some designers believe that it is inappropriate to combine live loads and earthquake
loads (e.g., tires and cars will serve as a damping device to the structural system and
actually reduce system loads, added axial load due to live load improves column
moment capacity, etc.). Loma Prieta drew attention to this issue.

STRUDL MODELLING GUIDELINES
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The series of CYGNA studies included a Work Package that considered the effects
of the vehicle live load in combination with the seismic forces. This study looked at
two cases: Combination 1,dead load +seismic load (Caltrans seismic load combination)
and, Combination 2, dead load + live load + seismic load. Combination 2 also includes
the live load mass excitation. The live load used was two lanes of the HS20-44 lane
loading for shear (640 Ibs/ft plus 26,000 1b. concentrated load), applied six feet above
the bridge deck.

This Work Package indicates that the dead load + seismic yielded results that are 86 %
to 100% for column axial loads, and 89% to 92% for shear forces and moments of the
results that included the live load.

A more realistic approach taking into account the vehicle type, loading and spacing
of vehicles reduces by a factor of three the difference between the two loading
combinations including and not including live loads. This latter approach was
suggested by Senior Bridge Engineer Earl Seaberg in developing design criteria for
Terminal Separation.

In summary, live loads can be ignored in combination with dead load and earthquake
loads except for outriggers and C-bents which are designed to force plastic hinging
in columns. If plastic hinging is allowed to form in horizontal members, design for
shear capacity assuming concrete shear capacity V. = 0 and a vertical shear force due
to L + D + EQ loads should be applied.

As mentioned above in section (4), a 1.5 factor was used on San Francisco Viaducts
for dead load reactions in Group VII to account for a probable 50% live load and 0.3¢
vertical acceleration. This factor applies only on Outriggers and C-bent cap beams.

7. Soft Soil ARS Curves

The geotechnical branch at TRANSLAB will inform project engineers if soil
conditions at a bridge site possess a risk (i.e., liquifaction, lateral spread, amplifica-
tion of low bedrock acceleration, etc.). However, the project engineer should be alert
for warning signs such as liquifaction (saturated sands with blowcounts less than 20)
and acceleration amplification (20 feet or greater depths of low blowcounts clays).

In the case of liquefiable material, the designer must investigate the structural
response with the liquefiable material in its liquified and unliquified state to ensure
structural integrity. Available retrofit options are: 1) to use stone columns, 2) pumps
to drain the water, thus reducing pore water pressure, 3) ground injection to stabilize
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the liquefiable zone, 4) piercing the liquefiable layers with new foundation construction,
5) lower the bridge to ground line, and 6) accept the risk. Such decisions need to be
discussed thoroughly with TRANSLAB, management and district representatives.

Caltrans is developing Bay mud spectrum (soft soil). Figure A5 shows an ARS curve
for soft soil with 0.5g rock acceleration relative to Caltrans current curves Type B
and D. It is recommended that column footing soil springs be used in conjunction
with Bay mud spectrum. TRANSLAB has developed soft soil response curves for
Terminal Separation, Cypress Viaduct, Southern Viaduct and China Basin. These
curves cover a large array of soft soil depths and conditions for designers to use.

Soil spring stiffness for soft soils should be consistent with expected footing
displacements for plastic shear forces. The footing/pile system should be modeled in
Com 624 and subjected to the expected plastic column shear force. Resulting
displacements should match STRUDL ARS footing displacement. Iterate spring
stiffness until ARS displacements match Com 624 displacements, within 20%. Even
for footings in soft soil, a significant portion of the lateral stiffness is provided by the
embedded footing block.

Tests performed on steel piles at the collapsed Cypress Viaduct offer reasonable load-
displacement criteria for both soft and dense soils. Values of 30 K/in. lateral capacity,
with a maximum displacement of 2 inches, were observed per steel pile for the pile/
footing system in soft soils. These values can be used as STRUDL spring modelling
criteria. However, the designer should compare the foundation conditions being
investigated to the conditions stated in the report {12} and modify values accord-
ingly. Foundation analyses should keep loads and displacement within the safe
values determined by the designer. Furthermore, ductile piles for lateral resistance
may be required to satisfy the analysis.

. Short Bridges

Short bridges for this discussion are defined as non-skewed or slightly skewed (i.c.,
< 15°) bridge with no hinges and a length less than 300 ft. In such a structure, the
abutment dominates the dynamic response. If the abutments are capable of mobiliz-
ing the soil and are well tied into the soil, adamping in the range of 10-15%is justified
{13}. The STRUDL library does not presently have damped ARS curves at levels
greater than 5%. Therefore, reducing elastic forces and displacements for higher
damping effects is possible by applying a damping reduction factor. Considering the
short bridge to be a damped single degree-of-freedom system, a reduction factor D
can be applied to ARS elastic forces based on the following equation from the
Japanese code {14}:
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D = 22 + 0.5
40c + 1

where ¢ = damping ratio

Applying this formula for:
10% damping: forces are multiplied by a factor equal to 0.8,

and  15% damping: forces are multiplied by a factor equal to 0.7.

Generally, the modification factor D for damping should be applied to forces
corresponding to the mode that shows the abutment being excited.

In short stiff bridges, emphasis should be placed more heavily on displacements and
less on flexural ductility demands when developing a retrofit strategy. Often high
flexural demands accompany small column displacements, which means the struc-
ture is not subject to collapse.

Torsion/Qutriggers

Torsion is mainly a problem in outriggers connected to columns with top fixed ends.
However, torsion can exist in a bent cap beam susceptible to softening due to
longitudinal displacements. This softening is initiated when top or especially bottom
longitudinal reinforcement in the superstructure is not sufficient to sustain flexural
demands due to the localized applied plastic moment of the column. Finding the
torsion distribution in the bent cap can be achieved using a grillage analogy that
consists of discretizing the deck girders framing into the bent cap beam. Initially, the
uncracked torsional stiffness can be adopted and the cap beam investigated under a
plastic moment input from the columns under longitudinal response. If the results
indicate that the cap beam will crack torsionally over part or all of its length, a second
iteration is carried out with the torsional stiffness of the cracking elements reduced
to 0.2GJ, where J, is the uncracked gross torsional moment of inertia and G is the
concrete shear modulus. For guidelines on design for torsional forces in outriggers or
bent cap beams refer to Attachment B.

Column torsion is not believed to be a problem in single column bents. When taking
into account the torsional reduced stiffness, minimal torsional moments are attracted
to the columns. Torsional modes are believed to be resisted by coupling of columns’
transverse shear forces acting opposite to each other. Torsion is non-existent in multi-
column bents.

STRUDL MODELLING GUIDELINES PAGE 11
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10. New As-Built Analysis

11

Substantial redistribution of live load may occur in the bridge when as-built
conditions of the structure are altered for retrofitting purposes (ex. a pinned column/
footing connection is retrofitted with a detail which fixes the connection). It is deemed
important that a new as-built analysis be performed for Group Loads I through VI to
substantiate bridge load carrying capacity.

Multi Simple-Spans Bridge Modelling

It is not necessary to use STRUDL for Multi Simple-Span Bridges. A static analysis
is fairly adequate since stiffness of cables is much less than columns resulting in very
little effects from adjacent frames. Even opposite out-of-phase motion should not
cause additional loading. Designers are advised to pay attention to joint details,
differential stiffnesses in members, load paths, and restrainer adequacy in their
strategy retrofit determination.
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Table A1: Strength Reduction Factors vs. Displacement Ductility
R= Design Load
" Elastic Response Load| 0.17 | 0.2 025 | 033 | 05 1
up (Eq.2) 6 5 4 3 2 1
ue (Eq.3) 185 | 13 8.5 5 2.5 1
#e (Eq.3) 31 | 26 | 21 | 17 [ 125 | 1
4p (Eq.2)

Table A2: Displacement Ductility p vs. Inverse of Strength
Reduction Factors 1/R for Short Periods’ Structures.

T/T
US| 08 | 09 1 1.1 | 12 1.3 14 | 15
6 103 | 93 8.5 78 | 72 6.8 6.3 6
5 8.5 7.7 7 6.5 6 5.6 53 5
4 6.6 6 55 51 | 48 45 42 4
3 48 | 43 4 37 | 35 3.3 3.1 3
2 20 | 27 | 25 24 | 23 22 2.1 2
1 1 1 1 1 ] ] 1 ]
4 SEC.
. le T s B 3 . 5 SEC.
g = el <l s 6 SEC.
7 SEC.
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(b) Equal Energy Principle

Figure A1

STRUDL MODELLING GUIDELINES PAGE 15




MEMO TO DESIGNERS 20-4 ATTACHMENT A « MARCH 1995

rans
7
|
\
q\
6 }
\ Legend
o ‘\ e RC 2% damping ordinary elastoplastic
5 A x RC 2% damping degrading stiffness ]
3 1 |
. \ R = y o RC 10% damping ordinary elastoplastic
I
e = g\ : X RC 10% damping degrading stiffness
A - I -
hs 4 X ‘WL&—R = — | m RC 10% damping, both o and &
® o
Periods of vibration
H are 0.3 10 2.7 sec
RC refers to Clough'' ¢

4

_-'—"'-—-IL

0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.9(

Rario of vyield shear factor to elastic spectral response acceleration, K

Displacement Ductility vs. Strength Reduction Factor for Single Degree-of-
Freedom Oscillators Responding to the 1940 EI Centro N-S Earthquake {5}.

Figure A2
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A
My M
MomentM = ——— El effective = —2-
! o
|
T
I T —
Dy
Curvature @
M- Diagram
Note:
1) M- diagram is needed to calculate allowable deflection using the curvature analysis
approach.

2) M- @ diagram is dependent on axial force in member. Column dead load can be used
in order to estimate EJ effective.

3) If M- QD diagram is not generated, use EI effective = 0.5 EI gross.
E: concrete modulus of elasticity.
I:  flexural moment of inertia.
My: Yield moment capacity.

@y: Curvature corresponding to first yielding of tensile longitudinal
reinforcement.

Moment - Curvature Diagram
Figure A3
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LEGEND

LONG Longitudinel Axis EXAMPLE 4
TRANS Transverse Axis
T Tension Model

C Compression Modsl

- Bridge Exponaien Jeint

Example STRUDL Modelling Techniques
Figure A4
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Period of Structure (Sec.)
Figure A5

STRUDL MODELLING GUIDELINES PAGE 19




MEMO TO DESIGNERS 20-4 ATTACHMENT B ¢ AuGguUsT 1996

4

) a/trans

Design/Detail Guidelines

Abstract

Attachment B presents guidelines on several issues encountered in retrofit or new
seismic design/detailing of bridges. It is important to note that the subjects listed
below can be read or referred to separately. These subjects include the following:

1.

2

9.
10.

11.

12

—

13.

14.

Steel column casing/Design and Details.

Allowable column shear values inside and outside plastic hinge zone.

. High strength fiber epoxy column casing/Design and Details.

Design of cap beam and outrigger for torsion.

Pipe seat extender vertical and transverse capacities.

Column bar development length.

Column removal/replacement falsework design.

Design/Specification coordination issues.

a. Welding Grade 60 to Grade 40 bars.
b.

C.
d.

€.

Roughened concrete surface in shear friction design.

Grouting of cored holes with inserted bolts.
Column removal/replacement shoring.

Removal and replacement of restrainers.

Footing retrofit considerations.

Pile foundations.

Pile extension bents.

Exposed bent caps.

Pier wall system transverse design.

Seismic anchor slabs.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE CoLuMN BRIDGES
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Steel Column Casing/Design and Details

Steel jacketing tests at UCSD were initially performed on 40% scale models of
circular and rectangular columns. These casings were designed with thicknesses to
provide 300 psi confining pressure on the columns in the plastic hinge zones. When
columns with poor details (minimal confinement steel and lap splices at the footings)
were retrofitted with shells that provided 300 psi confining pressure, their perfor-
mance improved dramatically. As aresult, the steel jacket will be used as the standard
retrofit detail on most projects. Other systems, such as high strength fiber epoxy
casings and wire wrap casings, will be allowed as alternatives as they are developed.

Upon completion of the retrofit analysis, the designer must decide if column casings
are required and which type to use. Basically, there are three types of casings. The type
F shell provides a fixed end condition. The type P shell permits a pin to form by
allowing lap splices to slip. The third type of casing is the P/F shell. The P/F shell is
a full length shell that provides a fixed condition at the top of the column and has
polystyrene at the lap splice to allow pin formation at the footing. When using steel
casings, it is necessary to provide a minimum of 2" clearance between the casing ends
and the soffit and/or footings. The gap prevents the casing from bearing on the
attached member. Bearing would increase effects of the plastic moment and probably
fail the footing or soffit. The gap is required for all casings which are fixed to columns
by grout, therefore, the partial height type P casing is the only casing that would not
require a gap.

Charts have been developed to give casing dimensions and thicknesses for common
sizes of rectangular columns. These charts (Figures B3 and B4) give curve data used
to produce the most efficient casing around the given column. In order to prevent
possible construction claims, the curve data is not to be listed on the plans. This
information is for design, detailing and estimation purposes only. The only dimen-
sions that should be listed on the plans are the “x” and “y” dimensions as well as the
casing thickness.

When determining casing thickness requirements, type F casings can be read directly
from the charts shown in Figures B3 and B4. Note that casing thicknesses are not to
exceed 1", in which case the designer is referred to note 5 on Figure B2. The column
casing thicknesses for type F shells were developed using thin wall pressure element
theory shown on Figure B1. The required shell thickness is directly related to the
radius. For rectangular columns, the shell is made up of partial circles with two
different radii. The designer may use the average of the two radii to determine the
casing thickness. The designer should note that type P shells require a minimum
thickness of 35".

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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The designer may encounter a situation where the charts will not be applicable. For
example, the designer may need to provide more clearance or a shorter radius to
reduce shell thickness requirements. In these situations, the designer can use the
design formula for an ellipse given on Figure B2. The casing is then made from partial
circular shapes that most closely matches the ellipse. For the casing thickness, the
designer will use the formula on Figure B1.

At some point during the design process, the designer should coordinate with the
specification writer on the following issues:

a. When the minimum spacing between the column and the casing is equal to or
greater than %", the grout mix should contain pea gravel.

b. If a pea gravel grout is used for elliptical shells, injection ports may be needed
on four sides because of restricted clearances at column corners. A similar detail
may apply if elliptical jackets are used for rectangular columns with round ends
and tight clearances.

c. In type P and P/F shells, the polystyrene insert should have a 12" gap at the
vertical seam of the casings. This is to prevent the polystyrene from burning
during the welding process.

d. Fortall casings, some measures should be taken to prevent casing from bulging
due to large hydrostatic head during the grouting operation. One solution is to
pump the grout in lifts, allowing each preceding lift to set, to reduce the
hydrostatic head. Another solution is to add temporary whaler around the casing
to provide extra confinement and strength while pumping the grout.

The column casing design aids attached (Figures B1 to B4), along with the column
casing standard sheet, should cover most jacketing situations. For odd shaped
columns or any situation where the design charts do not apply, the designer should
use good engineering judgement. If necessary, the designer should consult with the
design senior, the retrofit specialist and the SEITECH representative.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES PAGE 3
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CASING THICKNESS:
TWO CONTROLLING PARAMETERS:

A) Thin Walled Pressure Element (TWPE) X
B) Unliverslty of Callfornla San Dlego Tests (UCSD Test)

FROM TWPE:
X
OLone o Omme _ P
P Riona Rran T
the tfs NOTES:
Ooe = Sigma(stress) Longltudinally
FOR COLUMN CASING: Rigne — & Omam = Slgma(stress) Transversely
(0 J Oman _ -E Riowe = Radlus Longltudinally
e Ryran t Rtran = Radlius Transversly

= Internal Pressure
t = Thickness of Materlal

FROM UCSD TEST:

At the point when a plastic hinge formed In the lap splice
reglon, the strain In the steel casing was equal to

0.00! In/in. The steel casing must be designed such

that It produces 300 psl of confinlng pressure at this
measured strain.

( o ] Jc5=EsEs = 29,000 psl for lap-splice

- &
condltlion.

fo= (Full Yleld) = 36,000 psi for contlnous
reinforcement.

Radlus (Average)
100 (12)

t LAP-SPLICE

Radius [Avorcgo]{ 12)

; ———
o 120

Elliptical Steel Casing Thickness Requirement for Plastic Hinge Zones

Figure B1
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€ COLUMN

CHAMFER
(TYP)

€ COLUMN

|
|
Ly
By

CoLLaN
CASING
o
ELLIPSE —I—:/
EXISTING Bx
COLUMN
LS
EXISTING
COLUMN
qu - ﬁ
Br=qf bty S SS COLUMN CASING
(Asr)® Asa = ASPECT RATIO NO SCALE
LS = LONG SIDE
Bx = By x Asr SS = SHORT SIDE
ELLIPSE GEOMETRY
NO SCALE

General Notes for Design & Analysis:

. ™X™ & "Y" Dimenslions are to be shown on the Contract Plans.
See sheet 3 & 4 for location of "X & Y™ dimenslons.

2. Requlired casing thickness in the plastic hinge zone shall be
the dimension t shown In the tables on the following pages.

3w

8 thick unless otherwise noted on plans.

3. Type "P™ caslng shall be

4. Maximum plate thickness shall be ™ and minimum plate thickness

Is 3=,
8

5. If I™ maximum |Is exceeded, use of anchor bolts, stiffening
channels, etc, must be Incorporated to adequately confine the
columns.

6. UCSD Tests were concucted using a 20dp lop length of 40ksl
yleld strength rebar.

7. The aesthetlcs sectlon shall be consulted to obtaln a workable
and aesthetlcally pleasing solution when different plate
thicknesses are Jolned, exterior stlffeners are attached or
through bolts are Installed.

Figure B2
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COLUMN CASING DATA CASING THICKNESS
CURVE DATA (L1I)
COLUMN SWVE DATA L] PLASTIC HINGE ZONE
v
SIZE  |maows | oecta | @R, [Tancent | CRORD, | x* v ¥ [ 15 oue |t scoe
215" | 59* 59° 00" | 30— | 1r-giv —1Er
2 0mex0" 2 = s g |2-1% 73~ 55~ 3~ 3
1-Z~ | s0" 00 30°| 1°-%~ | o~ | 1-2Z"
5= 35" |45 47 04| 4= L7 | 20-B- | 31k v . 5 3
2°-0"x4"-0" : 2 85" 5= 3- 2w
o jr-2" 57 065" 25" ;'_4:," -_4‘- ;._%.. 16 16 e I
g e g me Lo ool i d =
I K g~ | 36" ser 147 | 5 & 2-Z | 4r-1k el o2 5. s
1-8~ | 71 30" 537 1°-5" | oG~ | r-4-
1'-1= | 30" 598 00" | 4e-52~ k= | re-8
2-0"x6"-0" / U é o-10% ) .gg- 5_:,-35- -3., Sa
1=~ | 74 200 30| 1°-52~ | 016k~ | 1-42-
—o" g P S gy
oepmpoe |15m0" |25 3 267 | 61 | 36 | 6°-1) ol 52 i 2
1-8" | 75 407 17| 1-5~ | 0-12- | iv--
g |23 23 147 | 7r-1fm | 4= L | 7-idn s
z-oer-0m | % 7oty Lag o i0” 5% oTHER ‘-
1-&= | 78 15" 23°| 1*-6~ | 0153 | 1-E" MEANS
COLUMN JACKET DATA CASING THICKNESS
CURVE DATA (L1)
COLUMN CURVE DATA (L2 PLASTIC HINGE ZONE
SIZE RADIUS | DELTA ICEUHHE‘!EH TANGENT | CHO ﬁﬁ‘& x * R T b
7" 57 34° 34" e n_‘-!n -_’Ff-
3-0"x4"-0" =5 = < el i QTPE 85" 2= -
113" | s6% 12= 43~ 1-10k~ | 1= i~ | i~
WL 1 Dy -1 - L L
somson | D% | S0 s i 2-g~ | 415" |, - Side L 3
""-9?_5- £ i3 557 ,._'é- g~ ,._,o‘{;-
77 | 46" o7 35| g- A 2 i B"
3°-0"x6"-0" i o (o o ”!f' -z | 8% £~ i
’-_éw 65* 55 1~| 2'- ir- ,o_é- '._’q'n
= | 390 45 457 | 7~ In g — B
sm0m7-0m o 2 4 o ol L] r-& | 8% 3 &
,-_%w 70* 07 o6~ 2'- 2= 1= ’- f'-an-
13-Z" | 3¢~ 5 50~ | g- 2~ | 4"-E~ | 7°-1£"
3°-0"x8"-0" %5 - g | ;-4 | 82~ " 3=
1'-72 | 72 3= 05| 2-£" | 1*-Z" | 1t-1E"
16°-2= | 31 08" 17| g- 3~ | 4-7 2~ —1E"
30 xG-0" E: o 7 a = f% 1-2" s%— =
1°-73" | 74= 25 51~ 2=~ | r-3- | 2-o-
17°-5,¢" | 33° 00" 13~ e al~ |9t/
3°-0"%10"-0" f’; e = = ——-—-:; -t oW usg ¥**
L -2 - - - -2 . -
n | mmais 1 = i THER MEANS
2¢-g~ |25 3 287 | 11°- & | 52" |j0°-11"
X-0"xl|"-0" ) 4 - f"zf%" B-;,“
1-% | 7 12 46| 22~ | 1-F | 2- &
2g-3 | 25" 280 30" | 11°- 1B~ | &°-1 |11"-1
O l2—O" 5 2 1e-2e CES
1% | 7 15 45| 225 | -5 | 2

NOTES
* DIMENSIONS TO BE SHOWN ON PLANS. DIMENSIONS SHOULD BE ROUNDED UP
AS APPROVED BY DESIGNER.
#k SHELL THICKNESS TO BE USED IN PLASTIC HINGE ZONES. FOR
TYPE P CASING USE MIN t=§-.
*¥%% SEE NOTE 5 ON FIGURE B2.

Figure B3
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COLUMN JACKET DATA CASING THICKNESS
CURVE DATA (L1)
COLUMN CURVE DATA (L2) PLASTIC HINGE ZONE
SI CURVE CHORD * * *x ok
ZE  |paows | opeLTA | GRVE [Taneent | GHORD | & Y ¥ 4855 sousce | ook pever
37" | 67 34" 34~ | 4o~ | 24~ | 30-18- - ' 3. 3.
4°-0"x3-0" : 10 Z" 8L 3 2
1-1G" | 567 12 437 1°-10 | 1= ¢ | 1-g&
2'-105" | 360" 00" 00"| 18°- 3" - -
P 2 + 10 L~ 10 L= 2- 3.
-2~ | 72206 38| 5-F~ | 32 |4-1E ) - -
4°-0"x5-0" 2 - "= 3" 0= 3 3"
26 | 53 55° 417 24" - 2
510~ | 60* 2 26~ | 6-Z~ | 35" | 5-1E" ) i I
4"-0"x6"-0" : ‘ -2 | 104 4 4
2" | 5o 2z 47| 2050 | 1-£- | 2-eln
PGP 710~ | 5= 356" 43" 7._25.. 3._‘,01-';. 6'-—!&" _— i B - 7
O™x7"- % 2 N
-~ | 62 4 38| 2-6~ | 1-gi~ | 2-5im 1 i = =
10°~£= | 46° 17" 517 | @2~ 4= | 7-1E~ .
4°-0"x8-0 ‘ - &1 -4 | 103 3 £
z'..a?;" 66* 51" O05™ 2._#- 1'=6" 26"
o= | 41° 19" 16" | g9-F~ 4'-G | g'-1 A"
40 xG-0" 12°-8 [ f r .f'-tf:—:"' 10 :_.;_ e é-
2-2Z~ | 69 20 2z~| z-g~ | 1-6~ | 2-6"
is—6 | 37° 18° 08~ | 1o"-£~ | 5-Z* | g'-1é~
4"-0"xl0"-0" = ‘ % o | jrsZn | so Lt- =
2',%" 71* 20 56" 2-_,9‘3- [°=-7" zr_é‘.
fB'-QE“ 3359 24" | 1= 5‘_%* 10°-1E~ x
0 x/I-0" e 1"-6" 10 3~ ke
22~ | 73 oo 18| 2=~ | 1-F~ | 2-F- USE
222~ | 31° 12" 54~ | 12- b | 6-F |11m-14" s OTHER MEANS
4°-0"x12-0" -6~ | 1043
22" | 74+ 23 33~| 2-10" /- 72.9' 2._75.
251" | 28" s1° 527 | 13- 2" 8~ | 121" = o
" -CRiZ-0"  p = —r 162 | 0 Lin
2._&5. 7S 34° O4= 2‘-9};’ = -,;i'. 27"
300" | 26° 49" 417 | 14°- 2= 7B~ |13-1p"
4°-0"x14"-0" 7 8 e e {722 | 104-
2-#3~ | 76° 35° 07| 2-10~ | I"-5" 8"
34._45- 25° a3* 537 I5'- il' O L 14 .-"d;—g. > o
4°-0"x15"-0" : e i
2-g | 77 28 03~ | 2-i1Gk" | 1-8%" | 2-7A2- ]
39- 4~ | 23° 31 06~ | 167~ i~ | 8-~ |15°-11"
4°-0"x16-0" .? 4 2 1= %, 10 :_:
2-E" | 78 1w 27| 2°-11~ | 1"-E~ | 28
NOTES:

* DIMENSIONS TO BE SHOWN ON PLANS. DIMENSIONS SHOULD BE ROUNDED UP
AS APPROVED BY DESIGNER.

A0k SHELL THICKNESS TO BE USED IN PLASTIC HINGE ZONES. FOR
TYPE P CASING USE MIN t-a".

xx* SEE NOTE S5 ON FIGURE B2.

Figure B4
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2. Composite Column Casings

Several composites column casing systems have undergone laboratory testing and are
approved for use in limited situations. Composite column casing thicknesses as shown on
the Standard Drawing are designed to prevent plastic shearing. Material testing standards
and provisional specifications have been developed to allow limited field installations for
both E-glass and carbon fiber composites, under strict conditions.

Composites systems shall be specified as an alternative if conditions below are satisfied:

1. In all cases, all projects shall be detailed for steel casings as a standard with
composites retrofit as an alternative.

Displacement ductility demand not more th_a_nfé for circular columns and not
‘more than 3 for rectangular columns. Jt ma be pe -

[e®

3. For rectangular columns the longest d1men51on is limited to a maximum of
36 mchcs Rectangular column sides aspect ratlo shall not be greater than 1.5.

;" ed (fixed) _'_;§%C0mposncs may be used if a ;\)mgg;,"
sumed in the analysns ata lap splice.

6. Composites shall not be used for single column bent structures.
7. Composites shall not be used if the axial dead load is greater than 0.15 f'c Ag.

8. Composites shall not be used if the columns longitudinal reinforcement ratio
is greater than 2.5%.

9. Composites shall not be used for bridges which require flame-sprayed plastic.
10. Composites shall be used with prismatic columns only.
For situations not falling within the above limits, the Office of Earthquake
Engineering shall be consulted for necessary design guidelines and approval. A list
of current allowable systems may be obtained from the Office of Earthquake

Engineering, New Technology Management Branch at (916) 227-8247. Require-
ments above are subject to change as more information becomes available.

Questions on the above should be directed to the New Technology Management
Branch at (916) 227-8247 or Seismic Technology at (916) 227-8806.

Design Instructions

Refer to the attached detail sheet titled “Composite Column Casing” (Figure B6)
for design instructions.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES PAGE 9




0l 39vd S390IHG NWMIOD 319NIS HOS SISATYNY LIZ0HISY SXYNOHLEYS
9g a.nbl4
IS 8 ey I )
NHN OdN BOUTLWRITL 4 LORITGE
DNISVYD n109 3lis 09 .-!ua_..u._t_:u_.u._.. VINHO4ITY)
s 40 31vis
Foe-N-
33 ungees, - ONINId0 NOSHYD
s B Ry 84
-w ey atunse )

- e By s e e e 2
& s proin 5 Honee wbon ;

f ) Sgvociee
PRy Aty
77 -
 paosmy . 8] )
P g
i.‘"
B DR g & A e yag Supe Mgmetes &) )
WO T &y B
Ny o) By e sy e e g & 9
p— h‘il“.ﬁ it " TV o
£ L LA e pAcepa W g TRARE N Y 11d0HL13¥ NWNT0D
—Z 2 e by &t dog Ae oy T Ay f 9 OO v e o R fr e S -]
- - W i) ECaS . ) Py e EearEg U s T GOS8 R Seiaig T .
W) 23| VK5 73| KLGIM WRN10D| [ i1 23| WA%) 73 |WLGIM NRN10D AR o) P atops & maters 8 7 EEMETERER B i
NRN102 EYINORYL03Y NMN10D BYINDNY1o3H N Ao o o 2 e G oy i il lcor i = e g
NOSHYD $SY19-3 1 ] | wo pasmid
T v e g P 5 T 08 O By T ] M
Y-V NOILD3S |
el e ] <5 o1 L4 . ] ]
] -] F = 5 L. i |
o - 3 T 5 o o o ! L
&0 & = = o5 5 s : o
= 5 3 = FS >z | —
= =0 = = = =] el !
R 23| ma) 13 ia NRN109| | e 2| mas g3 wia Nmn102 -3 | _.
NRN109 ONNOW NRN102 aNnoY 1k A !
v
NOBHYD $SV1D-3 ey | Ny I
YW 0§ = INNTOA W3R ww XSC = IMNIOA HIGId ) Sumpd :
T MILSAS L R3LSAS T o !
a- NOILD3S '
A ST LS i ey o
Enate 8 LA 1 B B PSS &L o RO et & , e
e P T et B |

i
0
i
|
ji
§
|
.i cam
4 I
1
i
!
]
i
28

9661 LSNDNY « § LNIWHOVLLY $-02 SEHINDIS3Q OL OW3IW *‘




‘t MEMO TO DESIGNERS 20-4 ATTACHMENT B * AUGUST 1996

a/trans

3. Allowable Column Shear Values Inside and Outside Plastic Hinge Zone

Allowable shear strength in existing columns shall be calculated based on the
following relationship:

V, = V. + V, = shear carried by concrete + shear carried by truss mechanism.
Vo = ¥, A, + A, fyd/s for rectangular sections

and

V, = . A, + 72 A, f,, D'/s for circular sections

where

A . effective shear area taken as 0.8 Ag (Ag = gross section area)

A, . total cross-sectional area of transverse reinforcement within spacing s.
Ty . probable yield strength of transverse reinforcement

d . effective depth of column

s . spacing of transverse reinforcement

A : cross-sectional area of transverse reinforcement (hoop or spiral)

D' - hoop or spiral diameter

(52 - concrete shear stress is dependent on displacement ductility demand ratio

and net compressive axial stress.
®. = Factor 1 x Factor 2 X \[f, <4.[f!

where
f'e : aged concrete strength

Factor 1 can be interpolated between curves given for p"f,,equal to 50 and 350 psi,
as shown in Figure B7. Note that factor 1 need not be taken less than 0.3. The
interpolation equation is given by:

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES PAGE 11
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"

Factor1 = [; +3.67 -1, <3.0

where

0" volume of transverse reinforcement

volume of column core

Note that for a circular section this equation reduces to

. _ 4 X (Area of spiral)
&= D' x s

= Interpolate o
e - _ B lo—
..g p"fyr = 350 psi ..g
i i

'5 é ;' 0 1000 psi
Ductility Demand Ratio — LA Compressive Axial Stress
Figure B7

Figure B8

PAGE 12
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When evaluating existing columns for shear, it is important to note:

1. Concrete is allowed no shear capacity when the column’s net axial load is in
tension.

12

No reinforcing steel shear capacity is assumed for non-continuous round hoops.

3. Noreinforcing steel shear capacity is assumed for rectangular ties when spacing
is at 12" (or greater), except where a dense pattern of crossties is present, or 135°
seismic hooks are used to close the perimeter ties.

4. Reinforcing steel shear capacity for lap-spliced spirals is taken into accounteven
though it does not meet current practice (welded splices and seismic hooks).

Design of Cap Beam and Outrigger for Torsion

Torsion is mainly a problem in outriggers connected to columns with top fixed ends.
However, torsion can also exist in bent cap beams susceptible to softening due to
longitudinal displacements. This softening is initiated when top or especially bottom
longitudinal reinforcement in the superstructure is not sufficient to sustain flexural
demands due to the applied plastic moment of the column. Retrofit solutions should
ensure adequate members’ strength along the load path from superstructure to
column foundation.

Caltrans design philosophy is to force column yielding under earthquake loads. In the
case of an outrigger, the torsional nominal yield capacity should be greater than the
column flexural plastic moment capacity. Torsion reinforcement shall be provided in
addition to reinforcement required to resist shear flexure, and axial forces. Torsion
reinforcement consist of closed stirrups, closed ties or spirals combined with
transverse reinforcement for shear, and longitudinal bars combined with flexural
reinforcement. Lapped-spliced stirrups are considered ineffective in outriggers,
leading to a premature torsional failure. In such cases, closed stirrups should not be
made up of pairs of U-stirrups lapping one another. Where necessary, mechanical
couplers or welding should be used to develop the full capacity of torsion bars. When
plastic hinging cannot be avoided in the superstructure the concrete should be
considered ineffective in carrying any shear or torsion. Regardless where plastic
hinging occurs, the reinforcement for torsional moment strength, T, shall not exceed
four times the concrete torsional moment strength 7. In addition, the transverse shear
reinforcement strength V; shall not exceed 8Vf'. bd. Therefore, proportioning
outrigger dimensions and reinforcement under combined torsion and shear should
obey the above rules described in ACI 318 regardless whether concrete shear and

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES PAGE 13
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torsion capacities are ignored or not. Prestressing shall not be considered effective in
torsion unless bonded in the member.

Unbonded reinforcement however can be used to supply axial load to satisfy shear
friction demands to connect outrigger caps to columns and superstructure. Bonded
tendons should not be specified in caps where torsional yielding will occur. Designers
must consider effects of the cyclic axial load in caps due to transverse column plastic
hinging when satisfying shear and torsion demands.

. Pipe Seat Extender Vertical and Transverse Capacities

The capacity of an 8" XX strong pipe seat extender was tested at an undemolished
section of the Cypress Street/I-880 viaduct in Oakland. Hydraulic jacks were used to
separate the adjoining spans while displacement transducers measured the incremental
separation between two spans. Vertical dead load was incrementally applied to the
superstructure at different hinge displacements. The test showed a load of 240 kips
@ 5.2 in. displacement (i.e., reported force 720 divided by 3 pipes). The pipes were
ulimately failed in shear under the 720 kips and at an 8 in. extension after
approximately one-third of each pipe section had been cut away. There was no sign
of serious straining or distress in the concrete on the anchored end under the 720 kips
load at an extension of 8 in. Figure B9 shows a typical hinge detail of the Cypress
structure. Results from strain gauges attached to the pipe proved to be not conclusive{ 1}.

Reference {2} is a study on the vertical and transverse capacities of a pipe seat
extender on the Southern Viaduct. Figures B10 and B11 show typical hinge details
on the Southern Viaduct. The hinge allows full extension length of 8 inches. Of the
six box girder cells, two cells contain two restrainer units each, for a total of four pipes
for the entire box girder. The following loading limits were recommended for each
8" XX strong pipe:

| Transverse Shear | + | Vertical Shear | < 210X
| Transverse Shear | < 180K
| Vertical Shear | < 180K

It is important to mention that vertical shear limitation takes into account full hinge
extension while transverse shear limitation is for only 2 in. extension. A design load
factor of 1.3 is recommended to account for mis-alignment of up to * /3" (i.e., total
misalignment between two pipes 1/4") because of field installation tolerances.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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As discussed above, both the experimental and the analytical investigations report
capacities greater than Caltrans recommended value of 100 kips. However, it is still
Caltrans policy to use 100 kips per pipe as a desired design value unless space
limitations exist. Consulting with SASA/ SEITECH is deemed quite important when
capacities higher than 100 kips are used in Design. Furthermore, it is necessary to
evaluate the capacity of the supporting hinge diaphragm which could be the limiting
load factor. The designer must also evaluate the logistic of inserting the pipe through
a limited soffit opening, especially in shallow superstructures.

6. Column Bar Development Length

On all new construction and seismic retrofit projects the new ACI 318-89 code shall
be used to determine bar development length, except:

On seismic retrofit projects where it is determined in an Earthquake
Retrofit Strategy meeting that the current Bridge Design Specifications
guidelines for bar development length can be used.

On structures being retrofitted, post-tensioned bars through the bent cap that provide
250 psi of confining pressure in the area of the column core shall be considered
adequate to allow the designer to use the confinement reduction factor (¢ =0.8) which
is allowed in either code.

The designer is reminded to determine whether the steel is Grade 40 or 60. If
undeterminate, the designer must consider the grade which produces the greatest
demands and the least capacity scenarios.

7. Column Removal/Replacement Falsework Design

When column removal/replacement is used as a retrofit solution, special consider-
ation for falsework must be given. The falsework design requirements for lateral
shear capacity should be related to the existing column shear capacity (minimum
50%), but not less than 0.25¢g or the maximum expected ground surface acceleration
at the site, whichever is less. The stiffness of the shoring should be not less than 50%
of the existing column stiffness. Positive connections must be ensured at the shoring
top and foundation to mobilize shear and stiffness properties. Friction can be relied
on to fully or partially sustain the shear force through the connection provided
expected shoring settlement will not compromise the friction force. Horizontal and
vertical alignment of the structure must be retained. Joint moment release, created by
column removal, must be prevented by strategically locating appropriate shoring
under bents and mid-span, etc., of the bridge.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES PAGE 15




e 4

MEMO TO DESIGNERS 20-4 ATTACHMENT B * AUGUST 1996

Ltrans

PAGE 16

8. Design/Specification Coordination Issues

a.

Welding Grade 60 to Grade 40 bars.

The designer should be responsible for checking that specifications cover
welding of Grade 60 to Grade 40 bars. In retrofit of foundations, outriggers, etc.,
where welding of Grade 60 to Grade 40 bars is chosen over mechanical couplers,
the designer has to ensure that welding is performed with heat specified for Grade
60 bars and the rod is specified for Grade 40 bars. Welds should not be located
in potential plastic hinge locations and should be preferably staggered 5' where
possible.

Roughened concrete surface in shear friction design.

The designer must determine whether it is absolutely necessary to use a higher
coefficient of friction of 1.0A in shear-friction design where concrete is placed
against a hardened surface that is intentionally roughened (B.D.S.8.15.5.4.3).
This criteria is achieved by attaining a 4" roughness amplitude. A “Y4 inch
roughness™ is very difficult to define in the specifications and measure in the field
and therefore should be avoided. However, if the decision is made to use the %4"
amplitude, the designer should work with the specifications writer to accomplish
the transition from design to a field operation. The Specifications Section should
produce an SSP that mechanically provides an equivalent 4" amplitude rough-
ened surface, perhaps in terms of an operation which assumes compliance
without heavy reliance on the field engineer’s interpretation. The designer may
wish to choose an intermediate surface roughness and friction coefficient.

Grouting of cored holes with inserted bolts.

When bolts are inserted in cored holes through columns, caps, etc., an installation/
Grouting procedure must be specified to ensure that the desired post-tensioning
stress is reached (i.e., bolts are sealed or greased prior to grouting to ensure
adequate post-tensioning of bolts). The designer must allow for such factors as
steel casing deformation, bolt elastic length, etc.

Column removal/replacement shoring.

Details for plan and specification language must be coordinated between the
designer and specification writer to ensure there are no duplication, conflicts and
omissions.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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e. Removal and replacement of restrainers.

The designer must alert the specification writer if restrainers will be removed and
replaced, or temporarily disconnected. Some level of restraint must remain in
place. Work must be staged to meet this requirement. The Specification Section
has a standard SSP, but the designer must determine that it meets the existing
conditions.

Footing Retrofit Considerations

The designer must perform a complete design when enlarging an existing footing in
plan dimensions and depth. An appropriate detail must be shown for chipping the
lower comer away to expose reinforcement. Adequate room for welder work space
must be provided. Remember, many footings were placed neat (i.e., concrete placed
against undisturbed soil) and could have a significant amount of extra cover than what
plan details show. Work with the specification writer to provide a contingency plan.
Designing the dowel shear connectors on the vertical (shear friction) and horizontal
(shear flow) surfaces will require a roughness assumption. If 4" amplitude criteria
is used, mechanical roughening will be required. The top overlay needs to provide
sufficient confinement against pullout of column bars. The overlay span between
perimeter ties to the bottom mat will determine the thickness, number of reinforce-
ment mats, and rebar size and spacing. Excavation and backfill quantities must be
provided, and, perhaps, budget allowances may be required for contracts to provide
temporary shoring in the excavation.

Pile Foundations

Existing piles must be examined for tension and compression capacity in combina-
tion with new perimeter piles. If capacity is exceeded for either condition, the piles
must be ignored in the analysis. Of course, a pile failing in tension may still be useable
in compression. Piles may fail in tension due to the connection to footing, insufficient
tensile reinforcement, or inadequate friction resistance in the soil. End bearing piles
will provide little or no tensile resistance.

For piles in soft or liquifiable soils, the designer must consider lateral displacement
problems in addition to the vertical load problems. The piles must be evaluated for
shear and flexural ductility capacities for the lateral displacements. The P-A effects
must not be ignored.

For piles in dense, granular soils, lateral resistance will most likely be provided by
footings retrofit to resist column plastic hinging. However, the designer should not
ignore this check in loose soils. Furthermore, existing footings which don’t need full

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE CoLUMN BRIDGES PAGE 17
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retrofitting should be investigated for capacity to resist lateral demands. Many
existing footing/pile systems have deficiencies which will prevent sufficient resis-
tance to demands. The Cypress pile tests (reference 12 in Attachment A) provides
some guidelines for steel pile lateral resistance in dense granular soil.

Pile Extension Bents

Many of the old pile extension bents are non-ductile and probably don’t meet current
design standards for columns on pile shafts. Any bridges with pile bents and having
multiple simple spans or an intermediate hinge are probably vulnerable to collapse.
P-Ais usually a serious contributor to overload. Shear walls or added pile foundations
may satisfy the problems.

Exposed Bent Caps

Bridges having exposed bent caps supporting girders on bearings have shown distress
in minor earthquakes. The caps routinely crack at the bottomedge where it frames into
columns. The positive moment reinforcement is generally insufficient to resist lateral
seismic loads. In addition, these caps have joint shear and confinement problems
similar to outrigger bents. Transverse prestressing can solve transverse beam mo-
ments. However, other retrofit features will be required to solve the array of shear,
confinement, longitudinal moment, and possibly torsion problems. The attachment
of restrainer cables could be the cause of localized overstresses. Isolation can be a
solution to most of the stated problems.

Pier Wall System Transverse Design

Design of pier palls in the transverse direction must be consistent with analysis. If the
pier is assumed fixed for moment transversely in analysis, this condition must be
assured by design. That means the pile connection to the wall or footing must meet
the elastic moment and shear designs. This is usually not available in existing pier
systems. An alternative might be to allow lateral and rotational springs at the wall
base. The lateral springs must represent the sliding friction of wall on sheared piles.
The rotational spring must represent the rocking action of the wall on the piles (i.e.,
a lifting force/displacement iterative process). Of course, once the wall is decoupled
from the piles transversely, the longitudinal releases must be modeled consistently
with this condition.

EARTHQUAKE RETROFIT ANALYSIS FOR SINGLE COLUMN BRIDGES
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14. Seismic Anchor Slab

The designer should be fully aware of the following items when using the seismic
anchor slabs as part of their retrofit strategy:

a.

The seismic anchor slabs resist both longitudinal and transverse seismic displace-
ments at each abutment.

Modelling techniques require “engineering judgement” for the determination of
“realistic” abutment springs. Non-linear behavior of the soil and the CIDH piles
should be considered when determining longitudinal, transverse, and torque
abutment springs. Each abutment should be evaluated for compression effect
(i.e., bridge moving towards fill—anchor slab and abutment diaphragm activate
large soil wedge) and tension effect (i.e., bridge moving away from fill-anchor
slab is dragged across fill). The designer will require soil design parameters from
a geotechnical engineer for existing abutment soil conditions.

Appropriate attachment details to the existing bridge should be designed at each
abutment. The existing structure capacity should be checked for transferring the
seismic abutment forces.

For anchor slab details, the existing girder layout and/or abutment skew may
control CIDH pile and anchor slab trench beam layout.

Additional damping effects with the seismic anchor slab retrofit should be
included in the dynamic analysis. Damping of at least 10% would be expected and
a 20% reduction in seismic forces would be appropriate.

The designer should consider traffic and utility conflicts early on in the retrofit
strategy process. The District or Local Agency should be made aware of all traffic
and utility impacts as early as possible. The seismic anchor slab detail could be
constructed in stages to minimize the impact on traffic.

References

1.

“Cypress Street/I-880 Tests of an 8" XX Strong Hinge Pile Seat Extender,”
report submitted by the Office of Transportation Materials and Research, March
1990.

“Ultimate Load Analysis of a Southern Viaduct Hinge Pipe Restraint,” report
submitted by ANATECH, September 1991.
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Special Considerations

Abstract

Attachment C is intended to incorporate new seismic technology that might be of
specific use in bridges. Seismic isolation is one alternative that has not been used
extensively at Caltrans, but should be considered as an option. It is possible that the
future might embrace this technology with competitive economics that enable the
designer to choose that alternative more freely. Also discussed in this attachment is
the curvature analysis/displacement capacity approach that should be considered as
an alternative to the prescribed moment ductility retrofit analysis procedure.

Seismic Isolation

Seismic Isolation is a method to reduce seismic loadings applied to a structure
through added flexibility and energy dissipation. Additional flexibility lengthens the
natural period of a structure along the acceleration response spectrum. The length-
ened period can significantly reduce seismic forces to a level which approaches
elastic capacity for structures founded on rock or in compact granular soils. Thus,
damage can be averted and structures can remain serviceable following a major
seismic event. Relative displacements between substructure and superstructure can
be limited to a practical design level by controlling damping and energy dissipation
characteristics of isolators.

A bridge where the superstructure is supported by rocker type bearings is a good
example of a Seismic Isolation retrofit candidate. Installation of Seismic Isolation
bearings at hinge locations at the top or bottom of multi-column bent structures is also
possible. By replacing the existing bearings with Seismic Isolation bearings, force
levels could be reduced to the point that no substructure retrofit be required.
Therefore, isolation is particularly attractive where conditions at the base of the pier
prohibit, or significantly impede, common retrofit schemes. Such conditions are:

traffic lanes which can’t be closed, vital utilities, restricted right-of-way, buildings,

maﬂy areas, etc. There are times when isolation is most
economlcal “but other constramts may dictate use of isolation, even if that solution is
not the most economical.

Regardless of motivation for choosing isolation, the designer must provide for
resulting displacements at abutments and intermediate joints. Total superstructure

SpPECIAL CONSIDERATIONS PAGE 1
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movement is comparable to a monolithic structure, however, the majority of the
movement occurs at the isolator rather than in column deflections.

The non-linear hysteretic behavior of the bearing can be modelled in STRUDL by
using a composite response spectrum. This spectrum is combined with the Caltrans
ARS Spectrum for 5% damping for the non-isolated modal responses and a modified
spectrum for isolated modes that reflect the 20-30% hysteretic damping of the
isolation bearing.

Specifications have been developed that generically describe the performance and
material requirements for the Isolation bearings. These specifications refer to the
structural plans for limiting force and displacement characteristics, and the hysteretic
behavior of the bearing.

As a precaution, isolation should generally be avoided when structures are found in
soft soil because long period characteristics of such soils can get in resonance with
the structure. Also, when structures have intermediate hinges (articulated), isolation
may create detrimental effects. Both of these situations can be accommodated, but the
designer must produce more intensified, complex analysis computations.

References for the practical use of isolation in bridge seismic design are given below:

1. “Seismic Isolation and Energy Dissipation, Implementation in Bridge Analysis
and Design,” Dynamic Isolation Systems, December 1990.

2. “PC Leader - Design of Lead Rubber Force Control and Seismic Isolation
Bearing,” Dynamic Isolation Systems (a PC computer design program), October
1990.

3. “AASHTO Guide Specifications for Seismic Isolation Design,” June 1991.

The designer should be aware of circumstances where isolation looks appropriate,
practical, and economical. The proposal should be introduced at the strategy meeting.
The strategy panel will judge the appropriateness of the isolation option, keeping in
mind the cautions expressed by the Seismic Advisory Board.

The following paragraph summarizes the views of Caltrans Seismic Advisory Board
on the use of seismic isolation for bridges.

“Base isolation can be used effectively to reduce seismically induced forces on

a structure provided 1) the isolation system has suitable force-displacement and
damping properties which will be maintained over the life of the structure; and
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2) the system will remain stable under the combined dead and seismic loadings
during a maximum expected event so that the overall system can safely tolerate
the associated large shear displacements produced in the isolation system.
Since the use of base isolation increases the fundamental period of an overall
structural system, the peak free-field ground acceleration is no longer a critical
parameter to the seismic response. In this case peak free-field ground velocity
becomes more critical and, with sufficient increase in period, the peak free-field
ground displacement becomes the most critical parameter. Therefore, the longer
period components of the free-field ground motion used as a basis for design
must be selected with special care. The installation of base isolation on existing
elevated and articulated viaducts is considered to be inappropriate. The Board
recommends that Caltrans proceed cautiously with any experimental program
of installing base isolation on other existing bridges and that it consider all of the
above factors in selecting isolation techniques and specific structures to be
treated. Similar caution should be exercised in designing base isolation mea-
sures for new construction. Because of the sensitivity of base isolated structures
to the longer periods of free-field ground motion, seismic isolation should be
avoided at soft sites such as those on San Francisco Bay fill.”

The Advisory Board’s views should be considered a serious caution, but in no way
arejection of seismic isolation. We must choose the most appropriate retrofit solution
which should include consideration of seismic isolation. Only controversial installa-
tion proposals, as determined by the strategy panel, must be studied and judged by the
Advisory Board.

Curvature and Displacement Ductility

‘This alternative to the moment ductility rct.roﬁt analys:s_ procedure is pr&ferred fori
mst situations. 0__ this vill al ifican t_reduct:on orelimination
o rctroﬁteffort Some of the situations wherc thxs proccdure canbe very valuable are:

R L R A e e

a. Low seismic areas: bridges in low seismic areas which are showing moderate to
large ductility demands by the moment duct;hty demand method should be
analyzed with this alternative.

b. Borderline retrofit cases: bridges which have borderline momcnt ductility de-
mands, regardless of the seismic area, should be in vesnuated with this alternative.

c. Do- nothmcr cases: some bridges are dcletcd from the program via strategy

SPEeCIAL CONSIDERATIONS PAGE 3
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Figure C1 shows a flowchart of all steps used in the analysis/check of the transverse
response of a typical multi-column bent.

The designer must remember that the guidelines are based on limited analyses and
relatively simple structures (i.e., no curves or skews). The guidelines should not be
followed blindly. Earthquake investigations mdlcatc that IOnngdmal differential
movement at hinges can be large, bntnot

Geometric shape can also have some effects. For curved bridges, the designer cannot
investigate a single bent without considering effects of adjacent bents in the same
frame. The curved frame will actas a “milk stool” and w1ll tend to develop cychc axlal_

As designers use this method more often, problems and discoveries will be monitored.
New data will be passed along to designers and processes will be updated.

SpPeECIAL CONSIDERATONS
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Background and Ongoing Research
Projects in Caltrans Retrofit Program

The 1971 San Fernando earthquake exposed a number of deficiencies in the bridge
design specifications of that time. These deficiencies have the potential to impact
dramatically on transportation lifelines and the travelling public today. Bridge design
specifications were immediately modified to correct the deficiencies for new designs.
Existing structures however, have served to be a substantially more challenging
problem.

It is Caltrans philosophy to first retrofit those structures which are at greatest risk and
are the most vital. The ultimate goal is to see that all of the bridges in the state are
capable of surviving maximum credible earthquakes. Some damage is inevitable, but
collapse is believed to be preventable with proper retrofitting. In some cases, such as
Terminal Separation, an added safety factor is applied to the new design to ensure
continuous serviceability of the bridge in a seismic event.

The Seismic Retrofit Program was initiated immediately afterthe 1971 San Fernando
earthquake. Its initial objective was to ensure continuity at all superstructure joints in
the state highway system bridges which are susceptible to large ground accelerations.
Some typical methods used were to add restraining cables or rods at joints and hinges
and to add shear keys at bearing supports. This effort was completed in 1987 after
approximately 1,300 bridges had been retrofitted at a cost of over $55 million.

In 1987 additional funds were appropriated for the Seismic Retrofit Program. These
financed an effort by the Division of Structures in which entire structures were subject
to modification to reduce the likelihood of catastrophic failure during a large
earthquake. Special attention was being focused on substructure improvements for
the highest risk structures possessing single column bents. The Loma Prieta Earth-
quake resulted in this program being greatly accelerated through legislation. All
25,000 publicly owned bridges must be reviewed for seismic resistance to collapse.
All vulnerable bridges must be retrofit. Also, as a result of the Loma Prieta
Earthquake, Caltrans has received added direction from the Governor’s Board of
Inquiry and from Structural Seismic Review Engineers relative to improving seismic
retrofit design criteria.

A number of structure modifications are currently accepted as standards in the
Seismic Retrofit Program. Superstructure retrofit techniques which have proven
successful during recent earthquakes will be used again to effectively force super-
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structures to behave more like a single unit. The problems associated with preventing
the type of substructure failures seen at San Fernando are considerably more
complicated. If all columns are made to equally carry earthquake loads, then so must
the footings and pile groups. This is usually not an economical solution. The preferred
solution is to allow some column ends to release fixity (i.e., pin) while selective
retrofitted columns and the abutments attract a greater share of forces, combining to
prevent total collapse. The extent of the retrofit is a balance between economical,
practical, and technical considerations.

Caltrans design engineers have been assigned the task of assessing each bridge’s
needs for seismic retrofitting. This may require an engineer to analyze and evaluate
a structure’s response well beyond its linear-elastic range. Typical bridge design
offices do not have access to the non-linear analysis tools necessary for such tasks,
nor are they practical to use. At Caltrans, these tools are being developed aid/or
installed, but it will not be an immediate effort. In order to implement the accelerate <
bridge retrofit schedule a design procedure has been developed which employs
techniques to reasonably consider inelastic behavior.

Nonlinear Analysis of major critical bridges and retrofit solutions are being evaluated
by researchers at universities throughout California. The conclusions drawn from
these research projects will be used to enhance current retrofit design schemes.

A partial list of past and current research contracts include the following:
1. Seismic Modelling of Deep Foundations, Report No. UCB/EERC-84/19, 1984.

2. Structure-Foundation Interactions Under Dynamic Loads, Report No. UCB/
EERC-84/18, 1984.

3. Full-Scale Experimental Testing of Retrofit Devices Used for Reinforced
Concrete Bridges, Report No. UCLA/EQSE-87/01, 1987.

4. Inelastic Behavior of Full-Scale Bridge Columns Subject to Cyclic Loading,
NIST Building Series 166, 1989.

S. Retrofitting of Bridge Columns (U.C.S.D.).
6. Seismic Retrofit of Bridge Column Footings (U.C.S.D.).

7. Evaluation and Retrofitting of Multi-Level and Multiple Column Structures
(U.C.B.).

BACKGROUND AND ONGOING RESEARCH PROJECTS IN CALTRANS RETROFIT PROGRAM
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10.

11.

12.

13.

14.

15:

16.

17.

Guidelines for Effective Use of Nonlinear Structural Analysis for Bridge
Structures (U.C.B.).

Experimental Testing of Epoxy Injected Steel Shell Retrofitted Sections from
the Collapsed Struve Slough Bridge (U.C.D.).

Shear Strength Capacity vs. Rotation of Column Pins at Base of Elevated
Roadway Structures (U.C.1L.).

Evaluation of Dumbarton Bridge Response in the Loma Prieta Earthquake
(U.C.B.).

Seismic Response of Deep Soil Sites in the San Francisco Bay Area (U.C.B.).

Evaluation of the Performance of Bridge Cable Restrainers During the Loma
Prieta Earthquake (U.N.R.).

Seismic Condition Assessment of the Bay Bridge (U.C.B.).

Development of High Strength Fiber Composite Column Wrap (Fyfe
Assoc., Inc.).

Reduced Scale Tests of Pier Walls Under Cyclic Loading for Seismic Retrofit
(U.C.L).

Experimental Measurements of Bridge Abutment Behavior: Stiffness, Damp-
ing and Ultimate Strength Characteristics (U.C.D.).

atcral Load Tests on Steel Bearings at Strawberry Underpass

Appropriate memos will continue to be routed to advise designers of latest
developments.
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